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Abstract
Studies were made in Syrian hamsters and Holtzman rats to examine roles for 
circadian rhythms in the control of body fats stores. Baseline and circadian rhythms of 
plasma insulin varied seasonally in the Syrian hamster. Baseline concentrations of the 
hormone were almost 4 times greater in scotosensitive female hamsters held on short daily 
photoperiods when they were fat than in lean animals at other seasons and other 
photoperiodic schedules. Additionally, plasma insulin levels in fat hamsters, but not in 
lean animals, peaked at light onset when lipogenic responsiveness to insulin is greatest.
The circadian rhythms of plasma insulin are not a result of an endogenous 
rhythmicity of B-cell secretion. Perifused Syrian hamster islets in the presence of glucose 
did not secrete the hormone in a circadian manner. Instead, islets lost their ability to 
respond to glucose when exposed to a constant level of the secretagogue over a 48-hour 
period. This islet desensitization was preventable if the glucose stimulus was provided in a 
pulsatile manner. The response to glucose pulses did not reveal a circadian periodicity.
In Holtzman rats, daily 2-hour increases in the ambient temperature 
(thermopulses) provided 16 hours after light onset (TP-16) for 14 days consistently 
decreased retroperitoneal fat stores. Thermopulses provided at other times of day were 
largely ineffective. TP-16 treatment also decreased food consumption and basal levels of 
plasma insulin and increased glucose tolerance and tissue sensitivity to insulin. However, 
plasma glucose levels were unaltered. The robust circadian rhythms of plasma insulin and 
corticosterone present in controls (nonthermopulsed) were obliterated by the TP-16 
treatment whereas those of prolactin, body temperature and locomotor activity were 
unaltered. Conversely, thermopulse treatment at light onset (TP-0) was ineffective in 
altering any of the parameters studied. These studies support a role for circadian 
neuroendocrine interactions in the control of lipid and glucose metabolism.
Introduction
Body fat content cannot be solely attributed to excess energy intake over energy 
output. Oftentimes dramatic increases in body fat stores are associated with little if any 
increase in calorie intake and in some cases may even be accompanied by increased 
locomotor activity. For example, body fat content is greatest in birds during the migratory 
period, a time when locomotor activity is intense and food is harder to obtain (Meier and 
Fivizzani, 1981). Seasonal increases in body fat stores occur in scotosensitive hamsters 
held on short daily photoperiods although food consumption is unaltered (Bartness and 
Wade, 1984). Studies of nonseasonal animals also indicate that the regulation of body fat 
stores is not solely dependent on food consumption. Genetically obese Zucker rats 
restricted to a caloric intake equal to that of their lean littermates still become obese 
(Zucker, 1967). Studies of humans indicate that food consumption is no different between 
lean and obese individuals (Stefanik et al., 1959; Maxfield and Konishi, 1966; McCarthy, 
M.C. 1966; Kromhout, 1983). Furthermore, bromocriptine administration in several rodent 
species (Cincotta and Meier, 1989) and humans (Meier, Cincotta and Lovell, submitted) 
resulted in a decrease in body fat stores without reducing food consumption. Similar 
decreases in body fat stores without a decrease in food consumption were observed in pigs 
treated with bromocriptine (Southern et al., 1990), ractopamine (Anderson et al., 1987; 
Watkins et al., 1988) or cimaterol (Moser et al., 1986; Cromwell et al., 1988). Hence, 
although food consumption is a contributory factor it is not the only determinant of body 
fat stores.
Noninsulin dependent diabetes (NIDDM) or type-II diabetes is the result of 
increased tissue resistance to insulin (Mondon, et al., 1980; Olefsky and Kolterman, 1981; 
DeFronzo, 1982; Stern and Haffner, 1986). Because of it’s decreased effectiveness to lower 
blood glucose concentrations, greater circulating levels of the hormone are required to 
maintain normoglycemia. In the initial stages of the disease the elevation in plasma 
glucose levels resulting from increased insulin resistance can be counteracted by increased
1
2insulin secretion resulting from fi-cell hypersecretion. As the disease progresses, increases 
in plasma insulin may become necessary. This can be provided by further increasing 
insulin secretion through the use of oral hypoglycemic agents such as glyburide and 
tolbutamide (Grodsky et al., 1977; Gylfe et al., 1984), or by insulin injections. However, the 
ensuing hyperinsulinemia, although necessary for cellular glucose uptake and metabolism, 
also enhances lipogenesis and fat content. Insulin is a potent lipogenic hormone. Indeed, 
along with insulin resistance and hyperinsulinemia, obesity is usually associated with type- 
II diabetes (Mrosovsky, 1976; Jeanreanud, 1978; Berstein et al., 1981). Whereas exercise 
(Goodman and Ruderman, 1979; Mondon et al., 1980; Kraegen et al., 1989; Wasserman et 
al., 1989) and calorie restricted diets (Reaven et al., 1983; Berger et al., 1975; Goodman 
and Ruderman, 1979) have both had some success in reducing insulin resistance and 
lowering circulating levels of insulin, their effects are transient and last only as long as the 
treatment does. Despite decades of research into these serious health problems, an 
effective cure for insulin resistance and obesity are still wanting.
Results from studies pertaining to the neuroendocrine regulation of body fat stores 
and insulin sensitivity in seasonal animals may help provide solutions for the control of 
obesity and insulin resistance. Many vertebrate species undergo dramatic annual changes 
in body fat stores (Berthould, 1975; Meier, 1976; Mrosovsky, 1976; Young, 1976; Pond,
1978; Dark and Zucker, 1985). Results from studies of the Syrian hamster indicate that 
seasonal changes in body fat are accompanied by seasonal changes in insulin resistance (de 
Souza and Meier, 1987; Cincotta et al., 1989). These seasonal changes are thought to 
result from altered phase relations between circadian rhythms, especially those of plasma 
corticosterone and prolactin. The phase relationship between these 2 hormones differs in 
seasonally fat and lean animals (Fivizzani and Meier, 1977; Meier, 1972; Meier et al., 1978; 
Meier et al., 1981; Meier, 1984). Timed daily injections of these two hormones in a phase 
relation that simulates their phase relation in the plasma of lean or fat animals produce 
the appropriate decrease or increase in fat stores within 10-14 days (Meier and Martin,
1971; Meier et al., 1971; Meier and Burns, 1976; Cincotta et al., 1989). Hence, a 12-hour 
relation (prolactin injections given 12 hours after corticosterone injections) that simulate 
spring conditions induces spring conditions out of season (Meier and Martin, 1971; Martin 
and Meier, 1973).
The daily rhythms of plasma corticosterone and prolactin are thought to be 
expressions of circadian neural oscillators. Injections of these 2 hormones are thought to 
reset two controlling circadian oscillators and their multiple neural and hormonal circadian 
expressions (Meier et al., 1971; Miller and Meier, 1983a). Similar alterations in body fat 
stores can be produced by properly timed injections of neurotransmitter precursors, namely 
5-HTP (serotonin precursor) and DOPA (dopamine precursor) (Miller and Meier, 1983b; 
Meier and Wilson, 1985; Emata et al., 1985; Wilson and Meier, 1989).
Several environmental stimuli provided daily have also been demonstrated to 
produce variable physiological and metabolic changes depending on the time of day the 
stimuli are provided. These stimuli include brief periods of handling and mechanical 
agitation (Meier et al., 1973; Horseman et al., 1976; Weld and Meier, 1984), periodic 
availability of food (Spieler et al., 1977) and daily intervals of increased ambient 
temperature (Ferrell and Meier, 1981; Noeske and Meier, 1983; Weld and Meier, 1984). 
Although it may be argued that the daily increases in ambient temperature mediate their 
effects by altering the metabolism of these ectothermic species (fish and lizards), similar 
effects have been produced in endotherms (rodents) (Waldrop and Meier, 1985). Timed 
daily environmental stimuli induce physiological and metabolic changes apparently by 
altering the temporal interaction between circadian rhythms (Meier et al., 1973; Ferrell 
and Meier, 1981).
Recent studies in hamsters and rats provide further evidence that alteration of the 
phase relationships between circadian rhythms result in long term reversals of obesity and 
insulin resistance. Administration of prolactin and corticosteroids in a O-hour relationship 
in hamsters (Cincotta et al., 1989) and a 4-hour relationship in rats (Cincotta and Meier,
submitted) resulted in decreased body fat stores in obese animals. Furthermore, plasma 
insulin levels were decreased without a concomitant increase in glucose levels, indicating 
an increase in tissue sensitivity to insulin. This conclusion was supported by findings of 
greater hypoglycemic responses to exogenous insulin administration in the hormone-treated 
animals. Hence, the treatment resulted in animals with physiological and metabolic 
conditions equivalent to those of nonobese animals of the same species. The effects of this 
treatment were long lasting in that they persisted for several months after termination of 
the treatment (Cincotta et al., 1989; Cincotta and Meier, submitted).
Despite decades of research on the role of insulin in carbohydrate and lipid 
metabolism little effort has been directed towards a regulatoiy role for circadian insulin 
rhythms even though circadian rhythms of the hormone exist in many if not all 
mammalian species (Gagliardino and Hernandez, 1971; Bellinger et al., 1975; Van Sickle et 
al., 1981). The basis for plasma insulin rhythms are speculative but may be the result of 
endogenous rhythms of B-cell secretion or of humoral and/or neural mediated changes in B- 
cell responsiveness to stimuli such as glucose. In vitro studies examining the possibility of 
B-cell rhythmicity have not been made.
Hypoglycemic and lipogenic responses to insulin also vary during a day (Cincotta 
and Meier, 1984, 1985). Based on a theory of "Temporal Synergism", maximal physiologic 
and metabolic effects are achieved if stimulus and response rhythms peak at the same time 
of day; other circadian temporal relations produce lesser effects (Meier and Russo, 1984). 
Hence, variations in the phase relation between the rhythm of insulin (stimulus) and the 
rhythms of tissue responsiveness (hypoglycemic and lipogenic) to the hormone would be 
expected to result in different physiological and metabolic conditions.
The Syrian hamster is a seasonal animal and it’s reproductive system and body fat 
stores exhibit very prominent annual changes. In female hamsters, body fat store changes 
are inversely related to changes in the reproductive system (Bartness and Wade, 1984). 
Alterations of body fat stores also occurred in Syrian hamsters exposed to timed daily
increases in ambient temperature (thermopulse) (Waldrop and Meier, 1986). Examination 
of the role of the most important lipogenic hormone (i.e., insulin) in these seasonal animals 
and thermopulse induced changes in body fat stores are inadequate. Hence, plasma insulin 
levels and the phase relationships of plasma hormonal circadian rhythms were investigated 
with respect to the annual cycle and thermopulse treatment.
Bibliography
Anderson, D.B., Veenhuizen, E.L., Waitt, W.P., Paxton, R.E. and Young, S.S. (1987). The 
effects of dietaiy protein on nitrogen metabolism, growth performance and carcass 
composition of finishing pigs fed ractopamine. Fed. Proc. 46: 1021 (Abstr.).
Bartness, J.T. and Wade, G.N. (1984). Photoperiodic control of body weight and energy 
metabolism in Syrian hamsters (Mesocricetus auratus). Role of pineal gland, 
melatonin, gonads and diet. Endocrinology 114:492-498.
Bellinger, L.L., Mendel, V.E. and Moberg, G.P. (1975). Circadian insulin, GH, prolactin, 
corticosterone, and glucose rhythms in fed and fasted rats. Horm. Res. 7: 132-135.
Berger M., Hagg, S. and Ruderman, N.B. (1975). Glucose metabolism in perfused skeletal 
muscle. Interaction of insulin and exercise on glucose uptake. Biochem. J. 146: 
231-328.
Berstein. R.S., Redmond, A. and Van Itallie, T.B. (1981). Prevalence and interrelationship 
of metabolic abnormalities in obese patients. In:" Recent Advances in Clinical 
Nutrition" Howard A.N., Baird, I.M. (eds.) John Libbey, London, Vol. I. pp. 191-
Berthold, P. (1975). Migratory fattening, endogenous control, and interaction with 
migratory activity. Naturwiss. 62: 399.
Cincotta, A.H. and Meier, A.H. (1984). Circadian rhythms of lipogenic and hypoglycemic 
responsiveness to insulin in the golden hamster (Mesocricetus auratus). J 
Endocrinology 103:141-146.
Cincotta, A.H. and Meier, A.H. (1985). Prolactin permits the expression of a circadian
variation in lipogenic responsiveness to insulin in hepatocyte of the golden hamster 
(Mesocricetus auratus). J. Endocrinology 106: 173-176.
Cincotta, A.H. and Meier, A.H. (1989). Reduction of body fat stores and total plasma 
cholesterol and triglyceride concentrations in several species by bromocriptine 
treatment. Life Sci. 45: 2247-2254.
Cincotta, A.H. and Meier, A.H. Long lasting inhibition of aging induced fattening, 
hyperinsulinemia, and insulin resistance in the male Sprague-Dawley rat by 
properly timed injections of corticosterone and prolactin. (Submitted).
Cincotta, A.H., Wilson, J.M., de Souza, C.J. and Meier, A.H. (1989). Properly timed 
injections of cortisol and prolactin produce long-term reductions in obesity, 
hyperinsulinemia and insulin resistance in the Syrian hamster (Mesocricetus 
auratus). J. Endocrinol. 129: 385-391.
Cromwell. G.L., Kemp, J.D., Stahly, T.S. and Dalrymple, R.H. (1988). Effects of dietary 
levels and withdrawal time on the efficacy of cimaterol as a growth repartitioning 
agent in finishing swine. J. Anim. Sci. 66: 2193.
Dark, J. and Zucker, I. (1985). Seasonal cycles in energy balance: Regulation by light.
Ann. N.Y. Acad. Sci. 5453:170-181.
DeFronzo, R.A. (1982). Insulin secretion, insulin resistance and obesity. Int. J. Obesity 6
6
7(Suppl. 1): 73-82.
Emata, A.C., Meier, A.H. and Spieler, R.E. (1985). Temporal variations in gonadal and 
body fat responses to daily injections of 5-hydroxytryptophan (5-HTP) and 
dihydroxyphenylalanine (DOPA) in the Gulf killifish, Fundulus grandis. J. Expt. 
Zool. 233: 29-34.
Ferrell, B.R. and Meier, A.H. (1981). Photo-thermoperiodic effects on fat stores in the 
green anole, Anolis carolinensis. J. Expt. Zool. 217: 353-359.
Fivizzani, A.J. and Meier, A.H. (1977). Seasonal variations in the daily rhythms of plasma 
corticosterone and prolactin concentration in the white-throated sparrow, 
Zonotrichia albicollis. Proc. XII Intern. Conf. Chronobiolgy. Publishing House, II 
Ponte, Milan.
Gagliardino, J.J. and Hernandez, R.E. (1971). Circadian variations of serum glucose and 
immunoreactive insulin levels. Endocrinology 88: 1529-1531.
Goodman, M.N. and Ruderman, N.B. (1979). Insulin sensitivity of rat skeletal muscle: 
effects of starvation and aging. Am. J. Physiol. 236: E519-E523.
Grodsky, G.M., Epstein, G.H., Fanska, R. and Karam, J.H. (1977). Pancreatic action of 
sulfonylureas. Fed. Proc. 36: 2714-2719.
Gylfe, E., Heilman, B., Sehlin, J. and Taljedal, L-B. (1984). Interactions of sulfonylurea 
with the pancreatic B-cell. Experientia 40: 1126-1132.
Horseman, N.D., Meier, A.H. and Culley, D.D. (1976). Daily variations in the effects of 
disturbance on growth, fattening and metamorphosis in the bullfrog (Rana 
catesbeiana) tadpole. J. Expt. Zool. 198: 353-358.
Jeanrenaud, B. (1978). Hyperinsulinemia in obesity syndromes: It’s metabolic 
consequences and possible etiology. Metabolism 27: 1881-1892.
Kraegen, E.W., Storlien, L.H., Jenkins, A.B. and James, D.E. (1989). Chronic exercise
compensates for insulin resistance by a high-fat diet in rats. Am. J. Physiol. 256: 
E242-E249.
Kromhout, D. (1983). Energy and macronutrient intake in lean and obese middle-aged 
men (the Zutphen Study). Am. J. Clin. Nutr. 37: 295-299.
Martin, D.D. and Meier, A.H. (1973). Temporal synergism of corticosterone and prolactin 
in regulating orientation in the migratory white-throated sparrow {Zonotrichia 
albicollis). Condor 75: 369-374.
Maxfield, E. and Konishi, F. (1966). Patterns of food intake and physical activity in 
obesity. J. Am. Diet. Assoc. 49: 406-408.
McCarthy, M.C. (1966). Dietary and activity patterns of obese women in Trinidad. J. Am. 
Diet. Assoc. 48: 33-37.
Meier, A.H. (1972). Temporal synergism of prolactin and adrenal steroids. Gen. 
Comp.Endo. Suppl. 3: 499-508.
8Meier, A.H. (1976). Prolactin, the liporegulatory hormone. In: "Proceedings of the Midwest 
Conference on Endocrinology and Metabolism" Johnson, D.H. and Klechko,
D.(eds.), Columbia, MO. Plenum Press, N.Y., pp.153-171.
Meier, A.H. (1984). Temporal synergism of circadian neuroendocrine oscillations regulates 
seasonal conditions in the gulf killifish. Tran. Am. Fish. Soc. 113: 422-431.
Meier, A.H. and Martin, D. (1971). Temporal synergism of corticosterone and prolactin 
controlling fat storage in the white-throated sparrow. Gen. Comp. Endocrinol. 17: 
311-343.
Meier, A.H. and Burns, J.T. (1976). Circadian hormone rhythm in lipid regulation. Am. 
Zool. 16: 649-659.
Meier, A.H. and Fivizzani, A.J. (1981). Physiology of migration. In: Animal Migration, 
Gautreaux, S. (ed.). Acad. Press, pp. 225-282.
Meier, A.H. and Russo, A.C. (1984). Circadian organization of the avian annual cycle. In: 
"Current Ornithology", Vol. 2 (Johnston, ed.). pp. 303-343. Plenum Publ. Corp.,
New York.
Meier, A.H. and Wilson, J.M. (1985). Resetting annual cycles with neurotransmitter-
affecting drugs. In: "The Endocrine System and the Environment". Follett, B.K., 
Ishii, S.S. and Chandola, A. (eds.), Japan Scientific Societies Press, Tokyo, pp. 149.
Meier, A.H., Martin, D.D. and MacGregor, R. (1971). Temporal synergism of corticosterone 
and prolactin controlling gonadal growth in sparrows, Science 173:1240-1242.
Meier, A.H., Ferrell, B.R. and Miller, L.J. (1981). Circadian components of the circannual 
mechanisms in the white-throated sparrow. In Acta XVII Congresses 
Intemationalis Omithologici. Vol. I, pp. 453-462. Ed. R. Nohring. Berlin: Verlag 
Der Deurschen Ornithologen-Gesellschaft.
Meier, A.H., Cincotta, A.H. and Lovell, W.C. Reduction of body fat stores in normal and 
diabetic subjects treated with bromocriptine. Submitted.
Meier, A.H., Trobec, T.N., Joseph, M.N. and John, T.M. (1971). Temporal synergism of 
adrenal steroids and prolactin controlling fat storage. Proc. Soc. Expt. Biol. Med. 
137: 408-415.
Meier, A.H., Fivizzani, A.J., Spieler, R.E. and Horseman, N.D. (1978). Circadian hormone 
basis for seasonal conditions in the Gulf killifish, Fundulus grandis. In: 
Comparative Endocrinology, Gaillard, P.J. and Boer, H.H. (eds.) Elsevier/North 
Holland Biochemical Press, Amsterdam, pp. 141-144.
Meier, A.H., Trobec, T.N., Haymaker, H.G., Macgregor, R. and Russo, A.C. (1973). Daily 
variations in the effects of handling on fat storage and testicular weights in several 
vertebrates. J. Expt. Zool. 184: 281-288.
Miller, L.J. and Meier, A.H. (1983a). Temporal synergism of neurotransmitter-affecting 
drugs influences seasonal conditions in sparrows. J. Interdisc. Cycles Res. 14: 75.
Miller, L.J. and Meier, A.H. (1983b). Circadian neurotransmitter activity resets the
9endogenous annual cycle in a migratory sparrow. J. Interdisc. Cycles Res. 14: 85-95
Mondon, C.E., Constantine, B., Dolkas, B. and Reaven, G.M. (1980). Site of enhanced
insulin sensitivity in exercise-trained rats at rest. Am. J. Physiol. 239: E169-E177.
Moser, R.L., Dalrymple, R.H., Cornelius, S.G., Pettigrew, J.E. and Allen, C.E. (1986).
Effect of cimaterol (CL 263,780) as a repartitioning agent in the diet for finishing 
swine. J. Anim. Sci. 62: 21.
Mrosovsky, N. (1976). Lipid programs and life strategies in hibemators. Amer. Zool. 16: 
685-697.
Noeske, T.A. and Meier, A.H. (1983). Thermoperiodism in the green anole, Anolis 
carolinensis. J. Expt. Zool. 226: 177-184.
Olefsky, J.M. and Kolterman, O.G. (1981). Mechanism of insulin resistance in obesity and 
non-insulin dependent (type II) diabetes. Am. J. Med. 70: 151-168.
Pond, C.M. (1978). Morphological aspects and the ecological and mechanical consequences 
of fat deposition in wild vertebrates. Ann. Rev. Ecol. Syst. 9: 519-570.
Reaven, E., Wright, D., Mondon, C.E., Solomon, R., Ho, H. and Reaven, G.M. (1983).
Effects of age and diet on insulin secretion and insulin action in the rat. Diabetes 
32: 175-180.
de Souza, C.J. and Meier, A.H. (1987). Circadian and seasonal variations of plasma insulin 
and cortisol concentrations in the Syrian hamster, Mesocricetus auratus.
Chronobiol. Int. 4: 141-151.
Southern, L.L., Cincotta, A.H., Meier, A.H., Bidner, T.D. and Watkins, K.L. (1990).
Bromocriptine-induced reductions of body fat in pigs. J. Anim. Sci. 68: 931-936.
Spieler, R.E., Meier, A.H. and Noeske, T.A. (1977). Timing of a single daily meal affects
daily serum prolactin rhythm in Gulf killifish, Fundulus grandis. Life Sciences 22: 
255-258.
Spieler, R.E., Meier, A.H. and Noeske, T.A. (1978). Temperature-induced phase shift of the 
daily rhythm of serum prolactin in the Gulf killifish. Nature 271: 469-471.
Stefanik, P.A., Heald, F.P. and Mayer, J. (1959). Calorific intake in relation to energy 
output of obese and non-obese adolescent boys. Am. J. Clin. Nutr. 7: 55-62.
Stem, M.P. and Haffner, S.M. (1986). Body fat distribution and hyperinsulinemia as risk 
factors for diabetes and cardiovascular disease. Arteriosclerosis 6: 123-130.
Waldrop, R.D. and Meier, A.H. (1986). Fattening responses to daily intervals of heat 
exposure in the Syrian hamster. Life Sciences 37: 1539-1543.
Wasserman, D.H., Lacy, D.B., Goldstein, R.E., Williams, P.E. and Cherrington, A.D. (1989). 
Exercise-induced fall in insulin and increase in fat metabolism during prolonged 
muscular work. Diabetes 38: 484-490.
Van Sickle, W., Gerritsen, G. and Beuving, L. (1981). A comparison of circadian rhythms 
in feeding, plasma insulin, glucose and glucagon between normal and diabetic
10
Chinese hamsters. Chronobiologia 8: 1-9.
Young, R.A. (1976). Fat, energy and mammalian survival. Amer. Zool. 16 699-710.
Watkins, L.E., Jones, D.J., Mowery, D.H., Brown, H., Gillespie, J.R., Nelson, J.R., Olson, 
R.D. and Parrott, J.C. (1988). Effect of ractopamine hydrochloride on the 
performance and carcass composition of finishing swine. J. Anim. Sci. 66 (Suppl): 
325 (Abstr.)
Wilson, J.M. and Meier, A.H. (1989). Resetting the annual cycle with timed daily injections 
of 5-hydroxytryptophan and L-dihydroxyphenylalanine in Syrian hamsters. 
Chronobiol. International 6: 113-132.
Zucker, L.M. (1967). Some effects of caloric restriction and deprivation on the obese 
hyperlipemic rat. J. Nutr. 91: 247-254.
February 25, 1991
Mr. Christopher de Souza 
Zoology and Physiology 
Louisiana State University 
Baton Rouge, LA 70803-1725
Dear Mr. de Souza:
With reference to your attacheS request to reprint/reproduce material 
from a Pergamon journal, we herewith grant permission to do so, provided:
1. The material to be reproduced has appeared in our publication 
without credit or acknowledgement to another source.
2. Suitable acknowledgement to the source be given, preferably as 
follows:
Reprinted with permission from [Journal Title, Volume Number, 
Author(s), Title of Article], Copyright [Year], Pergamon Press pic.
3. The author's approval in writing be obtained (the address or 
affiliation that appears in the journal is the most current 
available).
4. A copy of your work is submitted upon publication to the Journal 
Permissions Department.
This permission is for one-time use and for use in editions for the 
handicapped.
We only grant non-exclusive world English rights. Foreign language rights 
must be applied for separately.
’bnathan Goodnough
Journals Permissions
MATERIAL TO BE REPRINTED/REPRODUCED AND TO BE USED IN:
As per your attached letter(s).
Enclosure: original request(s) for permission
11
Chapter 1
Circadian and seasonal variations of plasma insulin and cortisol concentrations in the 
Syrian hamster, Mesocricetus auratus.
12
13
C hronobio loxy International. V ol. 4 . N o . 2. p p . 1 4 1 -IS I . 1987 0742-0528/87  $3.0 0 + 0.00
P rin ted  in G rea i B ritain  P ergam on  Jo u rn a ls  L td
CIRCADIAN AND SEASONAL VARIATIONS OF PLASMA INSULIN AND 
CORTISOL CONCENTRATIONS IN THE SYRIAN HAMSTER, 
M ESO CRICETUS AURATUS
Christopher J. de Souza and Albert H. Meier
D e p a r tm e n t  o f  Z o o lo g y  a n d  P hys io logy ,  L o u is ian a  S ta le  U nivers ity .  B aton  R ouge.  LA  70803,  U.S .A .
{First rece ived  M arch  1986; a ccep ted  in rev ised  fo rm  S ep tem b er  1986)
Abstract— Circadian rhythms o f  plasm a insulin, cortisol, and glucose concentrations were exam ined in 
scotosensitive (reproductive!) sensitive to inhibitory effects o f short davlengths) and scotorefractory male and 
fem ale Syrian ham sters (M esocrice tu s auratus) maintained on short (L D  1 0 :1 4 ) and long (L D  1 4 :1 0 ) davlengths. 
The baseline concentration (mean o f  a ll values obtained every 4 hr six tim es o f day) o f insulin was much greater in 
fem ale than in male scotosensitive ham sters kept on short davlengths. These differences in insulin concentration may 
account for the observed heavy fat stores in fem ale and low fat stores in m ale scotosensitive ham sters kept on short 
davlengths. The baseline concentrations o f  cortisol were approxim ately equal in both scotosensitive and 
scotorefractory m ales held on short and long day lengths, but were relatively low in fem ales held on short davlengths 
and especially high in scotorefractory fem ales held on long davlengths.
The plasma concentrations o f  both cortisol and insulin varied throughout the day in many o f the groups tested. 
H owever, the variations were not equivalent. The circadian variations o f cortisol were sim ilar irrespective o f sex, 
seasonal condition and day length. Peak concentrations generally occurred about 12 hr after light onset. In contrast, 
the circadian variations o f  insulin differed markedly . For exam ple in male ham sters, robust daily variations were 
found in scotosensitive ham sters held on short davlengths but not on long davlengths and in scotorefractory ham sters 
held on long davlengths but not on short davlengths. Furthermore, the daily peak occurred during the light in the 
scotosensitive ham sters and during the dark in the scotorefractory anim als. Neither the daily feeding pattern (about 
60% consumed during dark) nor the daily variations o f glucose concentration varied appreciably with seasonal 
condition or day length. They do not appear to determine nor directly reflect the variations in cortisol and glucose 
concentrations. It is postulated that the daily rhy thms o f  cortisol and insulin are regulated by different neural 
pacemaker sy stem s and that changes in the phase relations o f circadian sy stem s account in part for seasonal changes 
in body fat stores.
Key words— Circadian, seasonal variation, insulin rhythm, cortisol rhythm, Syrian hamster.
Introduction
The Syrian hamster, M esocricetus auratus, exhi­
bits a distinct seasonal cycle associated with 
reproductive and body weight changes. A l­
though seasonal changes in daylength are an 
important environm ental synchronizer, the sea­
sonal cycle is controlled as well by an endo­
genous mechanism such that daylength is 
interpreted differently during the year. In 
scotosensitive hamsters (during winter when 
maintained on natural daylengths), short day- 
lengths, ( <  12 hr light) have inhibitory effects on  
the reproductive system . This sensitivity is lost 
within 20 weeks o f  short daylengths, and the 
reproductive system recrudesces (1). Scotore­
fractory hamsters regain sensitivity to short
daylengths after 11 or more weeks o f  long daily 
photoperiods (2). Short daily photoperiods also  
stim ulate body weights and lipid mass in 
scotosensitive, but not in scotorefractory, female 
hamsters (3, 4).
Circadian rhythms have been implicated in 
photoperiodic control o f  reproductive readiness 
in many species (5), including the Syrian hamster 
(6). A circadian basis for the endogenous 
seasonal mechanism (seasonality) has also been 
proposed (7, 8). The essence o f  this hypothesis is 
that seasonal changes in reproductive and 
m etabolic conditions are the net consequence o f  
changes in the phase relations o f  neuroendocrine 
rhythms. It is based in part on observations that 
the phases o f  som e rhythms, such as plasma 




season whereas those o f  other rhythms, such as 
plasma prolactin concentrations, may vary 
markedly.
Insulin is thought to be the m ost important 
anabolic and lipogenic horm one in mammals 
and might be expected to play a major role in 
seasonal changes in body weight and fat stores. 
Circadian rhythms of plasma insulin concentra­
tion have been reported in rats (9, 10). In 
addition circadian rhythms o f  hypoglycem ic and 
lipogenic responsiveness to insulin have been 
dem onstrated in hamsters (11). Accordingly a n y . 
change in the phase relationship between the 
circadian rhythms of plasma insulin concentra­
tion and o f lipogenic responsiveness to insulin 
might be expected to influence the net accum u­
lation o f  body lipid. Such an interaction o f  
stimulus and response rhythms has been reported 
with respect to corticosteroid and prolactin 
activities (8, 12).
Therefore the present study was designed to 
exam ine circadian variations o f  plasma insulin 
and cortisol concentrations in scotosensitive and 
scotorefractory Syrian hamsters maintained on  
short and long daylengths and to determine 
possible seasonal changes in their daily rhythms.
Materials and Methods
Adult m ale and fem ale Syrian hamsters, 
M esocricetus auratus, were obtained from a closed 
colony introduced by Dr G eorge C. Kent at 
Louisiana State University in 1942. At the time 
o f  birth animals were exposed to long daily 
photoperiods (L D  14:10), lights on at 0800. 
Thereafter the photoperiod was adjusted period­
ically to sim ulate seasonal differences in day­
length. Temperature was m aintained constant at 
2 3 ± 2 °C . Food (Rodent Laboratory Chow No. 
500.1, Ralston Purina Co.) and water were 
available ad  libitum. Siblings were segregated 
from the m other approximately one month after 
birth. Males and females were separated and 
placed in hanging cages (40.5 cm  x  24.5cm  x  
18.0cm ), three anim als per cage.
Anim als were bled for horm one and glucose 
assays using the eye orbit puncture technique 
(13). Approxim ately 1 ml o f  b lood  was obtained  
in about 1.5 min from each animal. This
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technique did not cause any significant stress- 
related increase in plasma cortisol as indicated  
by similar concentrations in blood collected  
from guillotined and eye orbit punctured animals 
(unpublished data). Blood was collected in 
heparinised glass tubes and centrifuged in a 
Beckman J-6B centrifuge for 15 min at 3000 rpm 
and 4°C. Plasma was decanted and stored at 
- 1 5 ±  1° until assayed for insulin, cortisol and 
glucose concentrations.
Corticosterone and cortisol are the two major 
adrenal corticosteroids found in the Syrian 
hamster. The baseline plasma concentrations o f  
cortisol are greater (14), but the phase o f  their 
rhythms approximate one another (15).
Insulin and cortisol were assayed in duplicate 
using radioim m unoassay (RIA) kits purchased 
from  C am bridge M edical D iagn ostic  Co. 
(Billerica, MA). Insulin standards (porcine 
insulin in borate buffer) were acquired with the 
kit. Cortisol standards were prepared using a 
stock solution o f  cortisol (N o. H -4001, Sigma 
Chemical C o.) dissolved in ethanol (10 /ug/m l). 
Aliquots were air dried and diluted with hamster 
plasma stripped o f  cortisol with Norit-A  (16). 
Radioactivity was counted using a Beckman 
Gamma 5500 Counter. Standard curves were 
plotted and plasma horm one values calculated  
using a com puterised RIA program. Glucose 
was assayed enzym atically using a Sigma N o. 15- 
UV glucose kit.
Twenty-four-hr feeding rhythms were deter­
mined in all animals the week before blood  
collection, by measuring food rem oved from  
each cage o f  three animals every 6 hr (0600,1200, 
1800 and 2400). After correction for spillage, 
food consum ption was expressed in terms o f  
gm /anim al by dividing food consum ed/cage by 
the number o f  animals in each cage.
Variations am ong treatment groups were 
examined by analysis o f  variance. Com parisons 
between groups were made with the Student- 
Neum an-K eul’s test and the Student’s /-test. 
Any value more than two standard deviations 
from the mean was excluded from the data and 
statistical analyses.
Experim ent 1
Thirty-six male and 36 female adult hamsters
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born in early July and m aintained on L D  14: 10 
from birth were bled at six times o f  day (six males 
and six fem ales at each time) beginning at light 
onset during the first week o f  October. The 
plasm a was assayed for insulin, cortisol and 
glucose concentrations. A lthough reproductive- 
ly stim ulated on long daylengths, these hamsters 
were scotosensitive (SS) in that their gonads 
regressed when they were exposed to a short 
photoperiod im mediately follow ing b lood sam p­
ling. They were designated S S -1 4 :10.
Experim ent 2 
The animals used in this experim ent were 
the same as those used in Experiment 1 except 
that 32 o f  the 36 females were used. D uring the 
second week o f  Novem ber, after 6 weeks on short 
daily photoperiods (L D  10:14), the hamsters 
were bled six times o f  day (six males and five or six 
females per time period) for analysis o f plasma 
concentrations o f  insulin, cortisol and glucose 
concentrations. Their gonads were regressed 
indicating they were in a scotosensitive condi­
tion. They were designated S S -1 0 :14.
E xperim ent 3 
Thirty-two male and 30 female hamsters, born 
between July and August on long daylengths, 
were transferred to short daily photoperiods (L D  
10:14) in early October. After 18 weeks the 
hamsters were apparently scotorefractory as 
indicated by gonadal recrudescence. They were 
hence designated S R -1 0 :14. Different groups o f  
anim als were bled at 4-hr intervals and the 
plasma was analysed for insulin, cortisol and 
glucose concentrations.
Experim ent 4
Thirty male and 36 fem ale hamsters born 
during mid-summ er were maintained on long  
daily photoperiods (L D  14:10) for 12 weeks and 
then kept on short daily photoperiods (L D  
10:14) for a duration o f  20 weeks when they were 
returned to long daily photoperiods (L D  14:10) 
for 8 weeks. At the time o f experim entation  
(early May 1984), the animals were probably 
scotorefractory since at least 11 weeks o f  long  
daily photoperiods are required to  terminate 
refractoriness (2). These animals were designated
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S R -1 4 :10. Anim als were bled at six times a day 
(every 4 hr beginning at light onset) and the 
plasma analysed for insulin concentration.
Thirty male and 30 fem ale adult hamsters, 
treated similarly as the above m entioned ani­
mals, were random ly selected from the colony  
and bled during the first week o f  M ay during the 
follow ing year, 1985. The plasm a was analysed  
for cortisol and glucose concentrations.
Results
E xperim ent 1
Food consum ption in male and female S S -1 4 : 
10 hamsters varied during a 24-hr period 
(A N O V A , P > 0 .0 0 5). Food intake was greatest 
during the latter half o f  the dark and the early part 
o f  the light period (Student-N ew m an-K eul’s 
test, P < 0 .0 5 )  (Figure lb).
Plasma insulin concentration varied in females 
during a 24-hr period (A N O V A , P <  0.005). The 
peak value occurred 16 hr (2000) after the onset 
o f  light (Figure 2b). A lthough plasma insulin 
co n c e n tr a tio n  did n o t vary s ig n if ic a n tly  
(A N O V A ) in males during a 24-hr period, the 
insulin concentration at the onset o f light (0800) 
was higher than at 16 hr (2400) after light onset 
(Student’s /-test, P < 0 .0 1 )  (Figure 3b). Mean 
baseline concentrations (mean o f  all values 
during 24-hr) o f  plasma insulin were 57.8 ±  
3.4 /^U/m l in females and 63.6 ±  2.0 /uU/ml in 
males (Table 1).
Plasma cortisol concentration varied during a 
24-hr period in both males and females (AN O V A , 
P <  0.005). Peak values occurred at 12 and 20 hr 
(2000 and 0400) after light onset in females 
(Figure 4b). Mean baseline concentrations of 
plasma cortisol were 1.5 ± 0 .3  /ug/dl in females 
and 1.1 ± 0 .2  jug/dl in males (Table 1).
Plasma glucose concentrations were similar 
throughout a 24-hr period. The mean baseline 
concentrations were 112 .0±  2 .4 m g /d l in fem ales 
and 102.1 ±  1 .6m g/d l in males (Table 1).
E xperim ent 2
Food consum ption in male and fem ale SS- 
1 0 : 14 hamsters varied during a 24-hr period
1 6
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(A N O V A , P < 0 .0 0 5 ) . Food  intake was greatest 
during the dark (S tud en t-N ew m an-K eul’s test, 
P < 0 .0 5 )  (Figure la).
Plasma insulin concentration did not vary 
significantly during a 24-hr period in either male 
or female hamsters, probably because o f  large 
intra-group variations. There was nevertheless 
som e indication o f circadian variations in both 
sexes (see Figures 2a and 3a). The mean baseline 
insulin  con centration  in fem ales (129 .3  ±  
23.5 /aU/m l) was substantially greater (Student’s 
/-test, / >< 0 .0 5 )  than that in m ales(34.8 ±  7.2 /uU/ 
ml) (Table 1).
Another group o f  male scotosensitive ham­
sters held on L D  10:14  and similarly treated in 
our laboratory were tested for circadian vari­
ations in plasma insulin concentration (Cincotta, 
unpublished). A rhythm was observed (A N O V A , 
P < 0 .0 5 )  that was virtually identical, except for 
less variability, with the values we observed in
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male S S - 1 0 : 14 hamsters (Figure 3a). Lower 
concentrations (2 0 -3 0 /aU/m l) were found dur­
ing the light and then gradually increased to the 
greatest concentration (45 /rU /m l) late during 
the dark four hours before light onset.
Plasma cortisol concentration in females 
varied during a 24-hr period (A N O V A , P <  
0.005); a peak value occurred 16 hr after the 
onset o f  light (2400) (Student-N ew m an-K eul’s 
test, P < 0.05) (Figure 4a). There was no 
significant variation in plasma cortisol concen­
tration in males, perhaps because o f  large 
intragroup variations. The value at 12 hr after 
light onset (2000) may have been som ewhat 
higher (not verified statistically) than those at 
other times during the 24-hr period (Figure 5a). 
The plasma cortisol baseline concentration was 
substantially greater in males (1.2 ±  0.1 Mg/dl) 
than in fem ales (0.3 ± 0 .1  Mg/dl) Student’s /-test, 
P C  0.01) Table 1).
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Figure I . Tv*ent\ -four hr feeding pattern in m ale and fem ale scotosensitive and scotorefractory ham sters maintained on short 
(a and c) and long (b and d) daylengths.
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Figure 2. Circadian rhythms o f plasma insulin concentration in fem ale scotosensitive and 
scotorefractory ham sters maintained on short (a and c) and (b and d) daylengths.
• D e n o te s  the  m e a n  base l ine  c o n ce n t r a t io n s  lo r  a 24-hr  pe r iod .
Plasma glucose concentrations in female 
hamsters varied little, albeit significantly, during 
a 24-hr period (A N O V A , P <  0.05). A peak value 
occurred 12 hr after light onset ( />< 0 .0 5 ) . The 
plasma glucose concentration was constant 
during a 24-hr period in males. The mean 
baseline concentration o f plasma glucose was
110.0 ±  1.8 m g/d l in females and 110.0 ±  1.9 m l/  
dl in males (Table 1).
Experim ent 3
Food consum ption in male and fem ale S R -  
10:14 hamsters varied during a 24-hr period 
(A N O V A , P < 0.005 and P < 0.025, respec­
tively). Maximum feeding occurred during the 
dark (Student-N ew m an-K eul's test, / >< 0 .0 5 )  
(Figure lc).
Plasma insulin concentration in females varied 
during a 24-hr period (A N O V A , P < 0 .0 0 5 ) . A 
peak value occurred at 20 hr after the onset o f  
light (0400) (S tud en t-N ew m an-K eul’s test, P <
0.05) (Figure 2c). Plasma insulin concentration  
was relatively constant during a 24-hr period in 
males (Figure 3c). The mean baseline concentra­
tions were 30.8 ±  2.9 juU/ml in females and
39.0 ±  3.2 /uU/ml in males (Table 1).
Another group o f  scotorefractory male ham­
sters maintained on L D  1 0 : 1 4 (S R -1 0 :14) were 
recently exam ined in our laboratory fora rhythm 
o f plasma insulin concentration (unpublished  
data). These animals were treated in essentially 
the same manner as those above except that 
blood was sampled later (about 10 weeks) 
follow ing the initiation o f  scotorefractoriness in 
hamsters maintained continuously on short 
daylengths. The results were similar in that there 
were no significant daily variations in plasma 
insulin concentration. However, the baseline 
concentration was lower (24.3 ±  1.4 /uU/ml) than 
that above.
Plasma cortisol concentration did not vary 
significantly (A N O V A ) during a 24-hr period in
Chronobiology International












12 16  20
■ /
12 16  20
Hours A fter Light Onset
Figure 3. Circadian rhythms o f plasma insulin concentration in m ale scotosensitive and 
scotorefractory ham sters maintained on short (a and c) and long (b and d) day lengths.
•D en o tes  the m ean baseline concen trations lor  a 24-hr period.
Table 1. Baseline concentrations o f plasma insulin, cortisol and glucose in male and fem ale 
Syrian hamsters
Sex S R -14: 10
T reatm ent*  
S S -1 4 : 10 S S -10: 14 S R -1 0 : 14
Insulin M ale 34.9 ± 2 .6 + “ 63 .6 ±  2.0b + 3 4 .8 ± 7 .2 “b 3 9 .0 ± 3 .2 “
Fem ale 32.1 +  2.3“ 57.8 ±  3.4b I2 9 .3 ±  23 .5 ' 30.8 ± 2 . 9 “
C ortisol M ale 0 .9  ± 0 .2 “ l . l  ± 0 .2 “ 1.2 ±  0 .2  J 0.8  ± 0 . 2 “ '
(p g /d l) Fem ale 3 .2 ± 0 .4 b 1.5 ± 0 .3 “ 0.3  ± 0 . 1 “ 0.4  ± 0 .1 '
G lucose M ale 107.5 ± 4 .8 102.1 ±  1.6 110.0 ±  1.9 100.8 ± 2 .1
(m g /d l) Fem ale I I 3 .0 ± 4 .2 11 2 .0±  2.4 I1 0 .0 ±  1.8 105.9 ±  1.8
Bodvw'eight Male — 8 6 .7 ± 2 .4 “-' 98 .4 ±  1.6“ ' 109.9 ±  1.0“ '
(gram s) Fem ale — 129.7±  8 .8 h 144.4 ±  5 .4 b 121.9 ±  13. l b
•T reatm ent consisted  o f  lon g  (L D  14: 10) and short (L D  10: 14) daily ph otoperiods in 
scotorefractory (S R ) and sco tosen sitive  (SS) m ale and fem ale ham sters. 
tM ean  ±  S.E.
JM eans with d issim ilar lettered superscripts differ by Student's /-test (F < 0 .0 5 ) .
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Figure 4. Circadian rhythms o f plasm a cortisol concentration in fem ale scotosensitive  
and scotorefractory ham sters maintained on short (a and c)and  long (b and d) day lengths.
• D e n o te s  the  m ea n  baseline  co n ce n t r a t io n s  fo r  a 24 -h r  period .
either males or females (Figure 4c and 5c). 
H owever, the plasma cortisol concentration in 
males at 20 hours after the onset o f  light (0400) 
was higher than at 4 hours after light onset (12) 
(Student’s /-test, P <  0.05) (Figure 5c). The mean 
baseline concentrations o f plasma cortisol were 
0.4 ± 0 .1  Mg/dl in fem ales and 0 .8 ± 0 .2 / ig /d l  in 
males (Table 1).
Plasma glucose concentration in females 
varied during a 24-hr period (A N O V A , P <  0.01). 
H igher values occurred during the scotophase; a 
peak value occurred at light onset (0800) 
(Student-N ew m an-K eul’s test, P <  0.05). In 
males the plasma glucose concentrations were 
relatively constant during a 24-hr period. Mean 
baseline concentrations were 105.9 ±  1.8 m g/dl 
in fem ales and 100.8 ± 2 .1  m g /d l in males (Table 
1).
Experim ent 4
Food consum ption in male and female SR-
14:10  hamsters varied during a 24-hr period 
(A N O V A , / , < 0 .0 0 5 ). Maximum food intake 
occurred late during the dark (Student-Newm an- 
Keul’s test, / >< 0 .0 5 )  (Figure Id).
Plasma insulin concentration varied during a 
24-hr period in both male and female hamsters 
(A N O V A , P < 0 .0 0 5  and P < 0 .0 5 , respectively). 
The peak values, however, occurred at different 
times o f  day. In females the peak occurred 20 hr 
after the onset o f  light (0400) (Figure 2d) 
(Student-N ew m an-K eul’s test, P < 0 .0 5 )  where­
as in males it occurred 8 hr after light onset 
(1600) (Figure 3d). The mean baseline concentra­
tions were 32.1 ± 2 .3  /nU/ml in females and 
34.9 ±  2 .6 /uU/ml in males (Table 1).
Plasma cortisol concentration in female ham ­
sters varied during a 24-hr period (A N O V A , 
P <  0.005) with peak values 8 and 16 hr after light 
onset (1600 and 2400)(S tudent-N ew m an-K eul’s 
test, / >< 0 .0 5 )  (Figure 4d). Plasma cortisol 
concentrations in males did not vary significant-
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Figure S. Circadian rhythms o f  plasma cortisol concentration in m ale scotosensitive and 
scotorefractory ham sters maintained on short (a and c) and long (b and d) daylengths.
•D e n o te s  the  m ea n  base l ine  co n ce n t r a t io n s  fo r  a 24-hr  period .
Iy over a 24-hr period but there was a 
pronounced rise in concentration 16 hr after the 
onset o f  light (2000) (Student’s /-test, / >< 0 .0 5 )  
(Figure 4d). Baseline concentrations o f  plasma 
cortisol were 3.2 ± 0 .4 /u g /d l in females and 
0 .9 ± 0 .2 / ig /d l  in males (Table 1).
G lucose concentration varied little through­
out the 24-hr period in both sexes. The mean 
baseline concentrations were 113.0 ± 4 .2  m g/dl 
in fem ales and 107.5 ± 4 .8  m g/d l in males (Table 
1).
Body weights varied with daylength and 
season (Table 1). There was a steady increase of 
body weights in males as daylength and seasonal 
conditions varied according to a seasonal 
progression (SS-14 : 10 to SS-10 : 14 to SR- 
10:14). This increase might be attributed to 
maturational changes. Although there was a rise 
in body weights in scotosensitive females when 
transferred from LD  14: 10 to L D  10: 14, the 
body weights did not continue to rise as they did
in m ales, and may have decreased in scotorefrac­
tory females on L D  10: 14. Scotosensitive female 
hamsters were consistently heavier than males 
(Student’s /-test, / >< 0 .0 5 ) .
Discussion
The follow ing generalities may be offered  
concerning differences in baseline plasma con­
centrations o f insulin, cortisol and glucose 
without respect to circadian variations: insulin 
concentrations varied with daylength, seasonal 
condition and sex (Table 1). In females, higher 
insulin concentrations were found in scotosen­
sitive animals maintained on both short and long 
daylengths. The concentration was especially  
high in scotosensitive females kept on short 
daylengths. In males, the insulin concentration  
was also higher in scotosensitive animals kept on 
long daylengths but not in those kept on short 
daylengths. Baseline concentrations o f cortisol
2 1
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varied according to sex, and daylength, and little 
with seasonal condition. In both scotosensitive 
and scotorefractory fem ales, cortisol was strong­
ly elevated on long daylengths and severely 
depressed on short daylengths. H owever, plasma 
cortisol concentrations were similar in scotosen­
sitive and scotorefractory males held on short 
and long daylengths (Table 1). A lthough both  
insulin and corticosteroids are known to have 
potent influences on plasma glucose concentra­
tion, the dramatic changes in concentrations of 
these horm ones were not reflected by such 
changes in glucose concentrations.
Although circadian rhythms were not verified 
statistically in all instances, there were several 
interesting differences and generalities that can 
be discerned regarding daily variations o f  plasma 
insulin concentrations. With respect to sex, the 
times o f greatest concentrations o f insulin 
differed by as much as 8 to 12 hr between males 
and females in scotorefractory anim als held on 
long daylengths and in scotosensitive hamsters 
held on short daylengths (Figures 2 and 3). 
Although obvious differences exist between 
scotosensitive and scotorefractory hamsters, the 
photoperiodic and sex differences obscure any 
underlying principle concerning these seasonal 
differences. It should also be noted that season­
ality (scotosensitivity and scotorefractoriness) 
does not necessarily imply static conditions 
which might be characterized by horm one 
rhythms having single specific sets o f phases and 
am plitudes. Although circadian variations of 
plasma insulin concentration similar to the ones 
we observed have been reconfirmed in male 
scotosensitive and scotorefractory hamsters on 
short daylengths (see Results), it would be 
premature to ascribe a specific rhythm for each 
seasonal condition. On the other hand, our 
results with insulin do support the conclusion  
that som e horm one rhythms change seasonally  
(review, 8).
The daily variations o f  plasma cortisol con­
centration were much less variable than those of 
insulin. Changes in seasonal conditions were not 
accom panied by obvious changes in the cortisol 
rhythms (Figures 4 and 5). Daylength also  
appeared to have little influence, although  
baseline concentrations were greater in females
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held on long daylengths than on short daylengths 
(Table 1). Similar findings have been reported 
previously in rats (17). Peak values usually 
occurred near the onset o f darkness in hamsters 
or, perhaps more accurately, about 12 hr after 
the onset o f  light. These results are generally 
consistent with previous findings that indicate 
peak cortisol concentrations occur near the onset 
o f  darkness in nocturnal rodents (18 ,19) but they 
do not necessarily support the premise that onset 
o f  darkness determines the phase o f  the plasma 
cortisol rhythm (20).
The hamsters displayed a feeding pattern with 
maximum food intake occurring late during the 
dark. This finding is in agreement with previ­
ously published literature on feeding patterns in 
Syrian hamsters wherein 60% o f  food was 
ingested at night (21). Because the feeding 
pattern was similar in both sexes and varied little 
with seasonal condition and daylength. it is 
apparent that changes in the insulin rhythms 
observed in this study were not caused by 
differences in the time o f  feeding. Variations in 
feeding do not account for the circadian  
variations in plasma insulin concentration.
Because plasma glucose concentrations varied 
little during a 24-hr period irrespective o f season  
and daylength, it is also apparent that the 
changes noted in the circadian variations o f  
plasma insulin and cortisol were not directly 
related to plasma glucose concentrations. 
Absence o f  a correlation between plasma insulin 
and glucose concentrations seems to run co- 
trary to the literature which m aintains an inverse 
relationship between the two. H owever, this 
relation is based on experiments carried out over 
a short period o f  time, a few hours usually , where 
one might expect a direct glucose reaction to a 
horm one or an endocrine response to glucose 
changes. Under steady state conditions, glucose 
hom eostasis is not solely under the control o f  
insulin but involves a host o f other horm ones. 
Furthermore, a robust circadian rhythm o f  
hypoglycem ic responsiveness to insulin has been 
reported in Syrian hamsters (II) . Thus, plasma 
glucose concentrations reflect tissue responsive­
ness to insulin as well as insulin concentrations.
Circadian rhythms o f  insulin and cortisol 
differed greatly. W hile circadian variations o f
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plasma cortisol remained relatively unaltered by 
changes in daylength and season, those o f  insulin  
were profoundly affected. A sim ilar pheno­
m enon was noted with regards to the prolactin 
and cortisol rhythms in the Syrian hamster (22). 
The circadian rhythm o f  cortisol concentration  
remained relatively constant while that o f  
prolactin underwent phase shifts with changes in 
daylength and season. There is considerable 
evidence that circadian time keeping is accom ­
plished by a m ultioscillator system  (23-27) that 
may be presided over by a secondary as well as a 
primary circadian pacemaker (8 , 28). In this 
context, the circadian rhythm o f cortisol would  
be controlled by a different pacem aker than the 
one(s) that control(s) the insulin and prolactin 
rhythms. There is evidence to indicate that the 
corticosteroid rhythm is controlled by the 
suprachiasm atic nucleus (29) whereas the insulin 
rhythm may be controlled by the ventromedial 
and lateral hypothalam ic nuclei (30, 31).
The time o f  day when insulin concentration is 
high may be important in controlling fat 
synthesis since the hepatic lipogenic and body fat 
responses to insulin are largely restricted to an 8-
hr interval near light onset (11). Coincidence o f  
high plasma concentrations o f  insulin at this time 
o f  maximal lipogenic responsiveness might be 
expected to prom ote maximal lipogenesis and fat 
storage. Contrariwise, low  insulin concentration  
during the lipogenic response period (near light 
onset) would be associated with low levels o f 
lipogenesis and fat stores. Such relations can be 
exam ined in our studies because it has been 
established that introduction o f scotosensitive 
fem ale hamsters to short daylengths prom otes 
fattening (3 ,4 , 32). The concentrations o f insulin 
are much greater in scotosensitive female ham­
sters held on short daylengths (L D  10: 14) than 
on long daylengths (L D  14:10) (Figure 2). In 
scotosensitive male hamsters, on the other hand, 
short daylengths are ineffective and may even 
prom ote a loss o f  body fat (33, 22). In our study 
(Figure 3), insulin concentrations o f male 
scotosensitive hamsters subjected to short and 
long daylengths also varied inversely in these 
regards with respect to fem ales. Concentrations 
were greater at light onset in hamsters held on 
long daylengths (L D  14:10) than on short 
daylengths (L D  10: 14).
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Chapter 2
Pulsatile Glucose-Stimuli Alleviate Long-Term Desensitization to Glucose and the 




The long term effects of continuous and pulsatile glucose stimulation of islets of 
Langerhans microdissected from Syrian hamsters were examined. In the presence of a 
continuous glucose stimulus insulin secretion peaked during the first 4-6 hours of 
stimulation followed by a decrease. In the presence of 11.2 mM glucose a second smaller 
peak of insulin secretion was observed 14-16 hours after the perifusion started.
Irrespective of the glucose concentration insulin secretion then steadily decreased and 
reached very low levels at the end of the 48 hour perifusion. This decrease in insulin 
secretion has been attributed to desensitization of the islets to a constant glucose stimulus. 
However, glucose stimulus provided in a pulsatile manner appeared to alleviate islet 
desensitization and the marked decrease in insulin secretion was not observed.
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Introduction
In vivo and in vitro studies of insulin secretion in rats are typically characterized 
by an increase in insulin secretion when the islets are exposed to a constant glucose 
stimulus for as long as 4 hours. However, if the stimulus is maintained longer, insulin 
secretion is inhibited. This decrease is thought to be the result of a decrease in sensitivity 
of the target cells to the stimulus (Bolaffi et al., 1986; Hoenig et al., 1986). This 
phenomenon is not unique for islets. For example, anterior pituitary gonadotropin 
secreting cells also become desensitized when exposed to a constant stimulus of GnRH. 
However, administration of GnRH in a pulsatile manner prevents desensitization (Belchetz 
et al., 1978; Smith and Vale, 1981).
In the present study the effects of both continuous and pulsatile stimuli on islets 
microdissected from Syrian hamsters were examined.
Materials & Methods
Two month old male Syrian hamsters (Mesocricetus auratus) (Charles Rivers, 
Wilmington, MA) were maintained on a 14:10 light:dark cycle for at least 2 weeks prior to 
experimentation. The animals were kept at 22 + 1 °C and given food and water ad libitum. 
After an overnight fast animals were anesthetized with ether, the pancreas removed onto a 
wax tray and 12 islets microdissected per animal. Islets from each animal were then 
loaded into media filled 13 mm filter units (Swinnex-HA) fitted with a 100 micron nylon 
mesh and sealed at the threads. The units were then attached to a peristaltic 
multichannel pump (Manostat Corp) with a bubble trap in between. Media was 
equilibrated with 95:5 0 2:C02 and the islet chambers were maintained at 37 ±  1 °C during 
the perifusion. Perifusion flow rates were set at approximately 4.5 mls/hour. After an 
initial half hour wash period samples were collected every 30 minutes by a fraction 
collector modified to collect samples from 10 channels simultaneously. The collector was 
enclosed in a styrofoam jacket and maintained at 5 +, 1 °C with cooled nitrogen. Samples
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were removed every 4 hours and frozen at -20 + 1 °C till assayed for insulin.
Under sterile conditions RPMI 1640 containing no glucose or glutamine (NIH 
Media Unit) was supplemented with 10% heat inactivated fetal bovine serum (Gibco 
#2306140), 100 U/ml-100 mcg/ml penicillin-streptomycin (Gibco #6005140) and 25 mcg/ml 
fungisone (Gibco #6005295). Appropriate additions of glucose, KC1, caffeine or glyburide 
were made to this basal media. The pH was maintained at 7.2.
Experiment 1: Islets were peri fused with media containing either 5.6 mM (low) or 11.2 
mM (high) glucose. Seven and 11 animals were used in the two treatment groups, 
respectively. After a 48-hour perifusion period the islets were exposed to a half-hour pulse 
of either 50 mM KC1 or 30 mM caffeine, and then perifused for an additional 2 hours.
Experiment 2: Islets were perifused with media containing 5.6 mM (low) glucose. After 6 
hours the chambers were pulsed with media containing 30 mM glucose for half-hour 
periods once every 4 hours. A total of 7 animals were used for this glucose pulsing 
experiment. Islets exposed to 5.6 mM (low) glucose in experiment 1 served as controls. 
Insulin was assayed by radioimmunoassay using ammonium sulfate in a final 
concentration of 21% to separate out the bound fraction (Joost and Atwater, 1986).
In order to facilitate data analysis the first 4 samples (2 hours) from each 
perifusion during a time of increasing insulin levels were excluded. Data was then grouped 
into 3 hour periods and the means determined. Four of these periods were used to test for 
differences within and between treatments as a function of time by way of a multivariate 
analysis of variance (MANOVA). The four periods were 2-5 (Tl), 8-11 (T2), 14-17 (T3) and 
44-47 hours (T4) during perifusion. In order to test for differences in basal insulin 
secretion between islets pulsed with 30 mM glucose and their controls the same procedure 
outlined above was used. However, peak insulin concentrations resulting from the glucose 
pulses were eliminated prior to analysis. All other tests for statistical significance were
2 8
preformed using Student’s t-test.
Results
Experiment 1: Insulin secretion by islets exposed to either low or high glucose stimuli 
varied with time (p < 0.0001) (Figure 1 and 2). When exposed to a high glucose 
concentration insulin levels peaked 3-4 hours (Tl) after perifusion started. A decrease in 
insulin secretion followed resulting in a trough 4-6 hours later (T2), i.e., 8-10 hours after 
the start of the perifusion (p < 0.0001). Insulin levels then gradually increased and 
significantly higher levels were reached 4-6 hours later (T3), i.e., 14-16 hours after the 
perifusion started (p < 0.04). The magnitude of this second peak was less than the initial 
peak at T l (p < 0.001). Following this second peak insulin levels rapidly decreased to 
levels lower than the insulin levels during the first 20 hours of perifusion viz at T l (p < 
0.0001) and T3 (p < 0.0005).
Under a low glucose stimulus there was a gradual decrease from the beginning (Tl) 
to the end (T4) of perifusion (p < 0.0005). However, neither a trough at T2 nor a second 
peak at T3 were observed under low glucose stimulation during the first 20 hours of 
perifusion. Insulin secretory profiles differed between islets exposed to high and low 
glucose (p < 0.001). The magnitude of the decrease in insulin levels from Tl to T4’ was 
greater for islets exposed to the higher glucose concentrations. However, this difference in 
the magnitude of the insulin decrease between the 2 treatment groups was predominantly 
due to differences during the first 20 hours of perifusion. There was no difference in the 
magnitude of the insulin decrease from T3 to T4 between the 2 treatment groups (p < 0.4). 
The magnitude of the first peak was greater in the high glucose treatment group (p < 
0.002). Additionally, islets treated with a low glucose stimulus did not exhibit a significant 
trough at T2 nor a second peak at T3.
Exposure of all islets to 0.5 hour of either 50 mM KC1 or 30 mM caffeine near the 
end of the perifusion caused an increase in insulin secretion compared with average
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concentrations during the 2-hour period preceding the stimulatory pulse (Student’s t-test, p 
< 0 .01).
Experiment 2: The islets exposed to low glucose stimulation in experiment 1 served as 
controls for experiment 2. As noted above, there was a significant decrease in insulin 
levels as a function of time during exposure to constant glucose levels and this decrease 
was greatest beginning approximately 20 hours after the start of perifusion. However, 
insulin secretion by islets that were pulsed repetitively with 30 mM glucose did not vary 
significantly as a function of time (Figure 5). Insulin peaked 2-3 hours after perifusion 
started and stayed at a high level throughout the duration of the perifusion. No significant 
differences were observed between Tl, T2, T3 and T4. Most importantly there was no 
significant difference between insulin levels at T l and T4 as evident in figures 3 and 4. 
That is, insulin secretion from islets exposed to periodic high glucose pulses did not 
decrease during the 48-hour perifusion period.
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Figure 1: Insulin secretory profiles from islets of Langerhans isolated from 2 hamsters.
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Figure 2: Mean insulin secretory profiles from isolated hamster islets of Langerhans
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Figure 3: Mean insulin secretory profiles from isolated hamster islets of Langerhans
perifused with a low glucose medium and either stimulated X X or not stimulated X- * "X
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Figure 4: A linear cubic split-spline regression model (^=0.92) for the insulin secretory 
profile from isolated hamster islets perifused with a low glucose medium and stimulated 
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Figure 5: 30 mM glucose stimulated increases in insulin secretion at varying times during 
a 48 hour perifusion of isolated hamster islets of Langerhans perifused with 5.6 mM 
glucose in between pulses. The % increase was based on the mean insulin secretion during 
the 1.5 hours preceding the pulse.
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Results from this in vitro study of insulin secretion from microdissected hamster 
islets of Langerhans demonstrate that insulin secretion decreases during 48 hours of 
perifusion when perifused with a constant glucose stimulus. A similar effect was also 
found in rats and termed the 3rd phase of insulin secretion (Bolaffi et al., 1986). The 
decreased secretion was attributed to a desensitization of the islets to a constant glucose 
stimulus (Bolaffi et al., 1986; Hoenig at al, 1986; Leahy and Weir, 1988; Zawalich et al., 
1990). The decrease in rats occurs 3-6 hours after the perifusion has begun irrespective of 
the magnitude of the glucose stimulus (Bolaffi et al., 1986; Hoenig et al., 1986; Zawalich et 
al., 1990). However, in hamsters a marked decrease in insulin secretion is observed only 
18-20 hours after the onset of the perifusion irrespective of the concentration of the glucose 
stimulus. Additionally, when hamster islets are exposed to a high concentration of glucose 
a second peak of insulin secretion occurs 16-18 hours after the onset of the perifusion. The 
occurrence of this second peak may be unique for hamsters in that it is not known to occur 
in perifused islets from either rats (Bolaffi et al., 1986) or mice (unpublished data). The 
biochemical processes involved in the generation of the second peak are yet to be 
delineated. Thus the secretory profiles of hamster islets prior to desensitization differ from 
those in rats.
Desensitization of the islets to a constant glucose stimulus cannot be attributed to 
degeneration of the islets since the secretory response of hamster islets to KC1 and caffeine 
in this experiment and to several other secretagogues in the case of rat islets (Somers et 
al., 1976; Hoenig et al., 1986;) are preserved. Desensitized rat islets are also capable of 
responding to a single high glucose stimulus although the magnitude of the response is 
severely dampened (Lacy et al., 1976; Verspohl et al., 1988). The possibility that a lack of 
some yet to be determined factor in the perifusion/culture media is the cause of this 
desensitization seems highly unlikely since rat islets exposed to a hyperglycemic 
environment in vivo also become desensitized to the hexose (Leahy and Weir, 1988). Nor
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can decreased insulin secretion be attributed to alterations in glucose transport (Weir et al., 
1988), insulin biosynthesis (Giroix et al., 1989) or depletion of insulin stores (Bolaffi et al.,
1986 Verspohl et al., 1988).
In experiment 2 islets were perifused with near physiological levels of glucose (5.6 
mM) and repeatedly stimulated with pulses of 30 mM glucose. Under these conditions 
basal insulin secretion, unlike controls, did not decrease significantly during the 48 hours 
the islets were perifused. Nor were the transient increases in stimulated insulin secretion 
reduced during the 48 hours. This difference between islets exposed to a constant level of 
glucose and those exposed to pulsatile glucose stimulation was especially prominent during 
the last 24 hours of perifusion (Figure 3). However, this is not unique for pancreatic islets.
It has been demonstrated that several target cells become desensitized under conditions of 
continuous stimulation, a phenomenon that can be prevented if the stimulus is 
administered in a pulsatile manner. For example gonadotrophs from the anterior pituitary 
become desensitized to stimulatory effects of gonadotropic releasing hormone (GnRH) when 
exposed to a constant level of the secretagogue resulting in decreased FSH and LH 
secretion. This decrease in FSH and LH secretion can be prevented by stimulating the 
gonadotrophs with pulses of GnRH (Belchetz, et al., 1978; Smith and Vale, 1981).
Grill and coworkers (Grill and Cerasi, 1978; Grill, 1981) demonstrated that prior 
exposure of islets to a high concentration of glucose facilitates glucose induced insulin 
release during a subsequent glucose stimulation, probably by activating an islet ’memory’ 
for glucose. This ’memory’ appears to be short lived in that insulin secretion during a 
glucose pulse is facilitated if the previous glucose pulse was administered 1 hour earlier 
but not if the pulse was administered 24 hours earlier (Lacy et al., 1976). It would appear 
from the results of the pulsatile stimulus experiments reported herein that the ’memory1 
lasts for at least 4 hours since a glucose pulse administered 48 hours after perifusion 
started elicited a insulin response no different in magnitude from a response elicited by a 
pulse administered 6 hours after the perifusion started (Figure 5). Also, by maintaining
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the islet ’memory* for the hexose, desensitization is prevented.
The mechanisms by which high glucose pulses avert islet desensitization to glucose 
stimulation when the hexose is present at a constant level is yet to be determined. 
However, it appears from this experiment and others (Giroix et al., 1989) that the cyclic 
AMP system is not involved. The desensitization does not seem to involve Ca+2 or K+ 
channels directly in as much as desensitization occurs even in the presence of glyburide (de 
Souza, in preparation) a second generation sulfonylurea. Glyburide induces insulin 
secretion by activating Ca+2 channels (Couturier and Malaisse, 1980; Heilman, 1981) either 
directly or indirectly by first inhibiting K+ channels that results in depolarization which 
activates Ca+Z channels (Atwater, 1980).
It was suggested that protein kinase C (PKC) may play an integral role in inducing 
islet ’memory’ to glucose (Niki et al., 1988). Protein kinase C is an important enzyme 
involved in the secretion of insulin. PKC is activated when it associates with the plasma 
membrane and is converted to it’s Ca+2 sensitive form. PKC translocation to, and 
association with, the plasma membrane is activated by several agents including glucose, 
acetylcholine (ACh) and cholecystokinin (CCK). Priming or sensitization of B-cells has 
been proposed to involve the association of PKC with the plasma membrane (Niki et al., 
1988; Zawalich and Rasmussen, 1990). In the presence of an active PKC any subsequent 
hexose stimulation of the B-cell will result in a greater insulin secretory response (Niki et 
al., 1988). However, this association of PKC with the plasma membrane is not everlasting 
(Zawalich and Rasmussen, 1990) and in order to maintain the B-cells in a primed state 
repeated activation of the PKC system is necessary. One explanation for the results 
reported here is that exposing the islets to periodic pulses of high glucose keeps the islets 
primed and prevents desensitization by preventing PKC from disassociating from the 
plasma membrane and hence maintaining the enzyme in an active state.
In all in vivo and in vitro experiments desensitization of the islets occurs under 
unchanging glucose conditions. Such an environment in vivo under normal conditions is
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probably rare. Glucose levels vary over a 24 hour period (Bailey et al., 1975; de Souza and 
Meier, 1987). The degree of islet stimulation by glucose and other insulin secretagogues 
also varies over a 24 hour period. Stimulation tends to be greatest just after feeding and 
least between meals. Agents such as ACh and CCK can alter the response of the islets to a 
glucose stimulus enhancing the sensitivity of the islets to the hexose (Zawalich and Dias, 
1987; Zawalich et al., 1987). Hence desensitization is probably a product of the 
experimental design, namely a constant glucose level, as well as of the absence of 
parasympathetic innervation. However, it remains to be seen if islet desensitization can be 
alleviated by exposing the islets to varying concentrations of glucose over a 24-hour period 
and/or of other islet priming agents such as ACh and CCK The results from the 
experiments performed herein suggest that if the magnitude of the stimulus is periodically 
altered, as is the case when the islets were periodically exposed to different glucose levels, 
desensitization can be reduced or alleviated. Further experimentation is needed to clarify 
the mechanisms controlling desensitization.
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Chapter 3
Alterations in Body Fat Stores and Plasma Insulin Levels in Response to Daily Intervals of




The ability of timed daily increases in ambient temperature (from 22+l°C to 40+l°C 
for 2 hours) to alter body fat stores and other indices often associated with type-II diabetes 
and atherosclerosis were tested in male Holtzman rats (3-4 months old). The temperature 
pulses were administered at one of 6 times of day (0, 4, 8, 12, 16 or 20 hours after light 
onset) for 14 days. Only temperature pulses administered 16 hours after light onset 
consistently decreased body weights, retroperitoneal fat stores and plasma insulin levels. 
Subsequently, temperature pulses were administered either 0 (TP-0) or 16 (TP-16) hours 
after light onset (L:D 12:12). Body weight gains and food consumption were monitored 
during the course of the experiment. Oxygen consumption, oral glucose tolerance (OGTT), 
insulin intolerance (IIT), retroperitoneal fat weights and plasma concentrations of insulin, 
glucose, cholesterol and triglycerides were determined 12 hours after the last temperature 
pulse. Whereas no differences were observed between the TP-0 group and the constant 
temperature (22°C) controls, decreases in body weight gains, food consumption, 
retroperitoneal fat stores, and plasma concentrations of insulin, cholesterol and 
triglycerides were observed in the TP-16 group. Although changes in plasma glucose 
during the OGTT were similar when the two treatment groups were compared with their 
respective controls, glucose tolerance was achieved with less insulin in the TP-16 animals 
than in their respective controls. Insulin intolerance was lower in the TP-16 group as 
indicated by a decrease in plasma glucose that was of greater magnitude and longer 
duration than in controls. These results indicate that timed daily increases in ambient 
temperature may decrease obesity in part by decreasing plasma insulin levels. Insulin 
levels were apparently reduced as a consequence of increased tissue sensitivity to insulin 
(greater glucose tolerance and less insulin intolerance). Because the treatment is effective 
only at a particular time of day the findings support a role for circadian neuroendocrine 
interactions in the regulation of these metabolic states.
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Introduction
Daily environmental stimuli have been shown to produce variable physiological and 
metabolic conditions in representative species of all the major vertebrate classes as a 
function of the time of day the stimuli are provided. These include brief periods of 
handling and mechanical agitation (Meier et al., 1973; Horseman et al., 1976; Weld and 
Meier, 1983), periodic availability of food (Spieler et al., 1977) and intervals of increased 
ambient temperature (Noeske and Meier, 1977, 1983; Ferrell and Meier, 1981; Weld and 
Meier, 1983). Alterations of body fat stores in Syrian hamsters by timed daily increases in 
ambient temperature (thermopulses) are of special interest in that they occur in an 
endothermic species and apparently involve the neuroendocrine system (Waldrop and 
Meier, 1986).
Insulin resistance and hyperinsulinemia are characteristic features often associated 
with obesity in type II diabetes (Kahn, 1978; Olefsky and Kolterman, 1981; Stem and 
Haffner, 1986). These three factors are interrelated, and a reduction in one of these factors 
can result in decreases in the other two. Similarly obesity is often accompanied by high 
levels of plasma lipids (Olefsky et al., 1974; Stem and Haffner, 1986). Inasmuch as daily 
thermopulses alter body fat stores, it is hypothesized that a reduction in body fat stores by 
administering the thermopulse treatment at the right time of day might also reduce these 
related features.
Materials and Methods
Male Holtzman rats (3-4 months old) were maintained on a 12:12 light:dark cycle 
for at least 2 weeks prior to experimentation. The animals were kept at 22 + 1°C and had 
free access to food (Purina Rodent Chow) and water. Daily temperature increases 
(thermopulses) were administered for 14 days by raising the ambient temperature in the 
temperature chambers from 22° to 40 ±  1°C for 2 hours. The 18° elevation in temperature 
was achieved within 20 minutes of thermopulse onset. Control animals were maintained at
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a constant 22 + 1°C. At the end of the treatment period animals were anesthetized and 
placed under heat lamps to prevent anesthesia induced hypothermia. Blood was collected 
from the orbital sinus into chilled heparinized glass tubes and maintained on ice until it 
was centrifuged and the plasma harvested. Plasma was stored at -20°C. The animals were 
then sacrificed with an overdose of the anesthetic (see individual experiments below) and 
the weight of the retroperitoneal fat stores determined and expressed as a percent of the 
body weight.
Plasma insulin was assayed by radioimmunoassay utilizing a second antibody in 
the precipitation step (Welbone and Frazer, 1965). Plasma glucose, cholesterol and 
triglyceride concentrations were determined enzymatically using commercially available 
kits (Sigma, St Louis MO).
Results are presented as the mean + standard error of the mean (SEM). Data were 
analyzed by Student’s t-test with an a priori alpha value set at p<0.05.
Experiment 1; Six groups of 6 animals each were temperature pulsed beginning at one of 
6 times of day (0, 4, 8, 12, 16 and 20 hours after light onset). Pre and post treatment body 
weights were measured to calculate % changes in body weights. On the 15th day 24 hours 
after the last thermopulse, the treated animals and an equal number of control 
(nonthermopulsed) animals were bled and sacrificed. Plasma was assayed for insulin and 
glucose. Sodium pentobarbital (65 mg/kg body weight) was used to anesthetize and 
sacrifice the animals.
Experiment 2: This experiment was similar to the first experiment except that only 2 
experimental groups of 12 animals each were temperature pulsed at either 0 or 16 hours 
after light onset. Each treatment group had it’s own set of 12 control (nonthermopulsed) 
animals because they were treated at different times. The treated animals along with their 
respective controls were bled and sacrificed on the 15th day 24 hours after the last
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thermopulse.
Experiment 3; Two groups of 12 animals each were thermopulsed either 0 (TP-0) or 16 
(TP-16) hours after light onset for a period of 14 days. Each treatment group was provided 
with an equal number of control animals. Pre and post treatment body weights were 
measured to calculate % changes in body weights. Food consumption was measured over 
the last 2 days of experimental treatment and expressed as a percent of the body weight. 
Oxygen consumption was measured 12 hours after the last thermopulse in the treated 
animals and their respective controls. The animals were then lightly anesthetized with 
Ketamine (120 mg/kg body weight) and subjected to either an oral glucose tolerance test 
(OGTT) or an insulin intolerance test (IIT). The initial (0 minute) samples from both these 
tests provided basal plasma hormonal and metabolite concentrations.
The OGTT was performed after an initial blood sample (0 minute) was obtained. A 
glucose load (200 mg/100 gms body wt) was administered by syringe into the stomach 
through a curved stainless steel feeding needle (Lafeber Company, Hendersonville, NC). 
Additional blood samples were taken from each animal 10, 20, 40, 60, 90, 120 and 180 
minutes after glucose administration.
The ability of exogenous insulin to lower plasma glucose levels was determined by 
injecting insulin (20 mU in 0.9% NaCl/100 gms body wt) into the caudal vein. Blood was 
taken before (0 minute) and 10, 20, 30, 40 and 50 minutes after insulin administration.
Results
Experiment 1; As shown in figure 1 daily thermopulses were generally ineffective in 
changing metabolic indices with several noteworthy exceptions. Temperature pulses given 
16-hours after light onset (TP-16) produced especially interesting effects in that they 
reduced body weight gains by 26%, retroperitoneal fat stores by 21% and plasma insulin 
concentrations by 50%, compared with controls. Plasma glucose concentrations were not
altered. On the other hand, thermopulses at light onset (TP-0) increased retroperitoneal 
fat stores even though body weight gains were reduced, compared with controls. Plasma 
insulin and glucose levels were unaffected. Thermopulses given 12 hours after light onset 
(TP-12) promoted gains in body weight but did not alter either retroperitoneal fat stores or 
plasma insulin and glucose concentrations. Thermopulses at the other times of day (4, 8, 
and 20 hours after light onset) did not change any of the parameters measured (Figure-1).
Experiment 2: TP-16 treatment produced results similar to those obtained by similar TP- 
16 treatment in experiment 1. This treatment reduced the gains in body weight and 
decreased retroperitoneal fat stores by 18 and 32%, respectively, compared with controls.
It also reduced plasma insulin concentrations from 2.12 + 0.20 (controls) to 1.47 + 0.08 (TP- 
16) ng/ml without affecting plasma glucose levels. On the other hand, TP-0 treatment did 
not alter significantly any of these parameters (Table 1). Differences in the plasma insulin 
levels between the TP-0 and TP-16 control groups are probably due to circadian variations 
of plasma insulin levels (de Souza and Meier, 1987) since the 2 groups were bled at 
different times of day (0 and 16 hours after light onset).
Experiment 3; TP-0 treatment did not alter body weight gain, retroperitoneal fat 
weights, food consumption and plasma concentrations of insulin, glucose, cholesterol and 
triglycerides compared with controls. However, TP-16 treatment decreased body weight 
gains, retroperitoneal fat weights (by 28%) and food consumption (by 16%). TP-16 
treatment also reduced plasma insulin (by 25%), cholesterol (by 25%) and triglyceride 
concentrations (by 43%). Plasma glucose concentrations were unchanged. Oxygen 
consumption was not altered by either temperature treatment (Table 2). As in experiment 
2, differences between the 2 control groups are probably due in part to sampling at 
different times of day (12 hours after the last thermopulse for each treatment group).
TP-0 treatment did not alter oral glucose tolerance compared with controls (Figure-
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2a). Although plasma glucose levels appeared to be higher in the 5 experimental animals 
used to test for glucose tolerance than in controls, the plasma glucose changes over the 
duration of the glucose test were similar. Furthermore when values of all of the TP-0 
treated animals are considered the basal plasma glucose levels were found to be similar to 
control levels (Table 2). Plasma insulin changes resulting from the glucose administration 
were also similar in the TP-0 animals and their respective controls (Figure-2b).
However, the effects of TP-16 treatment on glucose tolerance were substantial. 
Although plasma glucose levels (basal and after oral glucose administration) were 
comparable in the TP-16 group and their controls (Figure-3a), plasma insulin levels were 
not (Figure-3b). Basal plasma insulin levels were 25% lower in the TP-16 group. 
Furthermore, increases in plasma insulin in response to oral glucose administration were 
less in the TP-16 animals at each time period during the test. The area under the curve 
for the TP-16 treated animals was 29% less than that for controls.
The hypoglycemic effect of exogenous insulin did not differ between TP-0 animals 
and their respective controls (Figure-4a). However, the hypoglycemic effect was enhanced 
by TP-16 treatment. Exogenous insulin administration induced a greater decrease in 
plasma glucose levels compared with controls over the entire duration (180 minutes) of the 
test period (Figure-4b). Although plasma glucose concentrations of controls rapidly 
returned to near normal levels 40-50 minutes after insulin administration the plasma 
glucose levels of the TP-16 treated animals were still strongly depressed (30% less) at that 
time.
Table 1. Effects of daily thermopulses at one of 2 times of day on body weight 




B.W. GAIN CONT 10.9+0.4 ( ll)2 10.9+0.4 (12 r 3
(% increase) EXPT 10.0+0.4 (11) 8.2+0.4 (12)b
INSULIN CONT 1.52+0.37 (11) 2.12+0.19 (12)"
(ng/ml) EXPT 1.62+0.19 (11) 1.47+0.08 (12?
GLUCOSE CONT 154.4+5.2 (11) 162.8+3.0 (12)
(mg/dl) EXPT 158.9+5.1 (11) 156.4+2.0 (12)
RETROPERITONEAL CONT 2.10+0.10 (11) 2.17+0.15 (12?
FAT (gms%bw) EXPT 2.14+0.13 (11) 1.48+0.08 (12?
1. Treatment consisted of 14 days of daily 2 hour thermopulses administered 
0 (TP-0) or 16 (TP-16) hours after light onset.
2. Mean + S.E.M.
3. Means with dissimilar lettered superscripts differ by Student’s t-test (p < 0.05).
Table 2. Effects of daily thermopulses at one of 2 time of day on several hormonal 
and metabolic parameters in male Holtzman rats.
PARAMETER TREATMENT1
TP-0 TP-16
B.W. GAIN CONT 8.3+1.2 (10)2 10.8+0.8 (ll)"-3
(% increase) EXPT 6.8+0.1 (12)a’b 5.4+0.9 ( l l )b
FOOD CONSUMP CONT 5.47+0.06 (16)“ 5.47+0.06 (16)"
(gms/day %bw) EXPT 5.53+0.15 (12)“ 4.66+0.11 (10)b
0 2 CONSUMP CONT 1.64+0.06 (6) 1.37+0.08 (6)
(mls/min %bw) EXPT 1.52+0.10 (6) 1.31+0.08 (6)
INSULIN CONT 2.12+0.10 (10) 3.13+0.19 (10)“
(ng/ml) EXPT 2.20+0.19 (11) 2.34+0.21 (8?
GLUCOSE CONT 139.6+2.5 (8) 150.1+3.1 (10)
(mg/dl) EXPT 147.6+4.1 (10) 144.8+3.6 (9)
TRIGLYCERIDE CONT 144.0+10.2 (8) 128.2+10.4 (10)“
(mg/dl) EXPT 135.9+10.2 (10) 72.6+8.4 (9)b
CHOLESTEROL CONT 43.0+2.8 (9) 46.5+2.6 (10r
(mg/dl) EXPT 38.6+2.6 (10) 34.9+3.2 (9)b
RETROPERITONEAL CONT 2.37+0.12 (10) 2.77+0.1 ( I l f
FAT (gms%bw) EXPT 2.61+0.18 (11) 1.99+0.13 (9)b
1. Treatment consisted of 14 days of daily 2 hour thermopulses administered 
0 (TP-0) or 16 (TP-16) hours after light onset.
2. Mean + S.E.M.
3. Means with dissimilar lettered superscripts differ by Student’s t-test (p < 0.05).
Figure 1: Effects of 2-hour thermopulses provided daily for 14 days at one of 6 times of 
day on body weight gains, retroperitoneal fat stores and plasma insulin and glucose 
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Figure 2: Plasma glucose (A) and insulin (B) levels during an oral glucose tolerance test
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Figure 3: Plasma glucose (A) and insulin (B) levels during an oral glucose tolerance test
in TP-16 treated animals (X""'X) and their controls (X X). Results are plotted as mean
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Figure 4: Plasma glucose levels during an insulin intolerance test in (A) TP-0 treated
animals (X X) and their controls (X X) and in (B) TP-16 treated animals (X""X)
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Discussion
The results indicate that temperature pulse treatment has a time of day dependent 
effect on several metabolic and endocrine parameters in the rat. A 2-hour interval of warm 
temperature provided daily from 16 to 18 hours after light onset (TP-16) was the only time 
when the thermopulses consistently decreased retroperitoneal fat stores and plasma 
concentrations of triglyceride, cholesterol and insulin. Temperature pulses at 0, 4, 8, 12 
and 20 hours after light onset were largely ineffective.
A decrease in plasma insulin without a concomitant increase in plasma glucose 
levels (Table 2) suggests that TP-16 treatment may have increased insulin sensitivity, ie, 
decreased tissue insulin resistance. The decreased levels of insulin, an important 
mammalian lipogenic hormone, could in turn account in part for the decrease in 
retroperitoneal fat stores and plasma concentrations of triglyceride and cholesterol (Olefsky 
et al., 1974; Golay et al., 1986; Stern and Haffner, 1986). The possibility that timed 
thermopulses reduce insulin resistance was tested directly in experiment 3. TP-16 
treatment dramatically altered both the insulin response to an oral glucose load (OGTT) 
and the hypoglycemic response to exogenous insulin administration. Blood glucose was 
reduced to normal levels with a lower concentration of endogenous insulin in TP-16 treated 
animals than in controls (Figure-3). Apparently, the thermopulses enhanced insulin 
sensitivity. Furthermore, insulin administration lowered plasma glucose levels to a greater 
extent and for a longer duration in the TP-16 treated animals than in controls (Figure-4b).
On the other hand, TP-0 treatment did not alter sensitivity to insulin.
Food consumption, while unchanged in TP-0 treated animals, was decreased (16%) 
by the TP-16 treatment (Table 2). This reduction in. caloric intake could conceivably 
account for the observed increases in insulin sensitivity. Rats maintained on a severely 
restricted diet (55% less calories for 8-9 weeks) exhibit similar changes (Reaven et al.,
1983). Calorie restriction also decreased body weight gains and plasma insulin levels.
Decreased plasma insulin levels, without concomitant increases in plasma glucose levels,
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were attributed to increased insulin sensitivity. Calorie restriction also decreased steady 
state plasma insulin and glucose levels during a glucose clamp procedure (Reaven et al.,
1983). Similar increases in insulin sensitivity were also observed in rats after a 48-hour 
period of starvation (Berger et al., 1975; Goodman and Ruderman, 1979). Because these 
restrictions on caloric intake are much more severe, it seems probable that properly timed 
thermopulses enhance insulin sensitivity by other means as well.
Exercise has also produced results similar to those produced by TP-16 treatment in 
both rats (Berger et al., 1979; Galbo, et al., 1977) and humans (Bjomtorp et al., 1972, 1977; 
Lohmann et al., 1978). The authors attributed these results to enhanced skeletal muscle 
sensitivity to insulin (Mondon et al., 1980). However exercise, unlike temperature pulsing 
and calorie restriction, enhanced food consumption to compensate in part for the increased 
energy expenditure associated with exercising (Mondon et al., 1980). It is noteworthy that 
the metabolic and physiological changes produced by exercise apparently depended on the 
time of day when exercise occurred. No changes in insulin levels occurred in rats forced to 
exercise at a time of day that did not correspond with their normal activity cycle (Crew et 
al., 1969; Deb and Martin, 1975; Owens et al., 1977).
Several environmental stimuli provided daily have been demonstrated to produce 
variable physiological and metabolic changes depending on the time of day the stimuli were 
administered. Daily intervals of food availability have time-dependent effects on growth, 
body fat stores and reproductive indices in fish (Spieler et al., 1977). Time-dependent 
effects of daily mechanical stimuli and disturbances have been observed in species of all 
major vertebrate classes (Meier et al., 1973; Horseman et al., 1976; Meier and Horseman,
1977). Daily intervals of increased ambient temperature have variable effects on body fat 
stores in fish and lizards as a function of the time of day the thermopulses are 
administered (Ferrell and Meier, 1981; Weld and Meier, 1983). These temperature studies 
were recently extended to an endothermic vertebrate. Daily thermopulses altered 
retroperitoneal fat stores in hamsters as a function of the time of day the pulses were
administered (Waldrop and Meier 1986).
It has been hypothesized that the daily photoperiod entrains a circadian rhythm of 
thermoresponsiveness. If an appropriate thermal stimulus coincides with the responsive 
phase, metabolic and physiological changes are induced (Ferrell and Meier 1981; Weld and 
Meier 1983). The environmental stimuli (light and temperature changes) are thought to 
set the phase relationships of 2 or more circadian neuroendocrine pacemakers and their 
multiple circadian expressions. This could include phase changes between two plasma 
hormonal rhythms and between the circadian rhythms of a hormone stimulus and the 
target tissue responsiveness to the stimulus. Changes in the temporal relations between 
such rhythms would alter the net effects of the stimuli. Numerous instances of 
physiological and metabolic changes resulting from altered relationships of circadian 
rhythms (ie, temporal synergisms) have been described (Meier 1975; Meier et al., 1978).
Temporal interactions of prolactin and corticosteroids are of special interest. The 
phase relationship between these two hormones differ in lean and fat animals (Meier 1972, 
1984; Meier et al., 1981). Furthermore, timed daily injections of these hormones for 1-2 
weeks in a temporal relation that simulates the daily peaks of the hormones found in the 
plasma of fat and lean animals produce the appropriate increases and decreases in body fat 
stores (Meier and Martin, 1971; Meier et al., 1971; Meier and Bums 1976; Cincotta et al., 
1989). The rhythms of corticosteroids and prolactin are thought to be expressions of two 
neural oscillations that also control other neural and hormonal rhythms. In addition to 
their direct effects on lipid metabolism, the hormonal injections are thought to alter the 
phase relationship of the neural oscillators and their multiple circadian expressions, 
thereby altering metabolism (Meier, 1984; Meier and Russo, 1984).
Recent studies in hamsters and rats provide further evidence that daily injections 
of prolactin and corticosteroids given in specific temporal relationships are capable of 
reducing as well as increasing body fat stores. The administrations of prolactin and 
corticosteroids in a O-hour relationship in hamsters and a 4-hour relationship in rats
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decrease body fat stores in obese animals. Furthermore, decreases in body fat stores were 
accompanied by smaller gains in body weight and decreased plasma insulin levels without 
concomitant increases in plasma glucose. A decrease in plasma insulin without a change in 
plasma glucose level was attributed to increased tissue sensitivity to insulin. This 
conclusion was supported by findings of greater hypoglycemic responses to exogenous 
insulin administration in the hormone-treated animals. The treatment promoted metabolic 
and physiological conditions that were equivalent to those found in naturally lean/nonobese 
animals of the same species. The effects were also long lasting in that they persisted for 
several months after termination of the treatment (Cincotta et al., 1989; Cincotta and 
Meier, in preparation).
Obesity, hyperinsulinemia and increased insulin resistance are correlates of type-II 
diabetes. High levels of plasma cholesterol and triglycerides are often associated with 
obesity and may result in atherosclerosis. Because TP-16 treatment decreases body fat, 
plasma insulin levels and insulin resistance in normal healthy rats, it is hoped that 
temperature pulse treatment might also alleviate the above mentioned pathologies 
associated with type-II diabetes in humans. Additionally the reduction in levels of plasma 
triglycerides and cholesterol could help deter pathological states associated with the high 
circulating levels of these plasma lipid metabolites.
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Chapter 4
Daily Intervals of Heat Exposure Alter the Phases of Plasma Hormonal Circadian Rhythms
in the Holtzman Rat.
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Abstract
The effects of timed daily increases in ambient temperature (thermopulses) (from 
22 ±  1°C to 40 + 1°C for 2 hours) on circadian rhythms of hormones involved in glucose and 
lipid metabolism were tested in male Holtzman rats (3-4 months old) exposed to 12-hour 
daily photoperiods. The thermopulses were administered for 14 days either at light onset 
(TP-0) or 16 hours after light onset (TP-16). Body weight gains and food consumption were 
monitored during the experiment. Retroperitoneal fat weights and plasma concentrations 
of insulin, glucose, glucagon, corticosterone and prolactin were monitored every 4 hours 
during a 24-hour period commencing 24 hours after the last thermopulse. TP-0 treatment 
did not alter any of the parameters tested. Conversely, TP-16 treatment obliterated the 
circadian rhythms of insulin and corticosterone present in the controls (nonthermopulsed) 
and decreased body weight gains, retroperitoneal fat stores, food consumption and the 
baseline levels of plasma insulin and corticosterone. The present study supports a role for 




Several daily environmental cues induce variable physiological and metabolic 
changes {e.g., body fat stores) in representative species of all the major vertebrate classes 
as a function of the time of day these stimuli are provided. These stimuli include brief 
periods of handling and mechanical agitation (Meier et al., 1973; Horseman et al., 1976;
Weld and Meier, 1984), periodic availability of food (Spieler et al., 1977) and intervals of 
increased ambient temperature (Noeske and Meier, 1977, 1983; Ferrell and Meier, 1981;
Weld and Meier, 1983). Alterations of body fat stores in Syrian hamsters (Waldrop and 
Meier, 1985) and rats (de Souza and Meier, in prep) by timed daily increases in ambient 
temperature (thermopulses) are of special interest in that they occur in endothermic 
species.
Meier and coworkers have proposed that several physiological and metabolic 
parameters are regulated by the temporal interaction of circadian rhythms. Timed daily 
environmental stimuli that induce physiological and metabolic changes are thought to do so 
by altering the temporal interaction between circadian rhythms (Meier et al., 1973; Meier 
and Russo, 1984). Hence it was hypothesized that the physiological and metabolic changes 
induced by daily thermopulses administered 16 hours after light onset (de Souza and 
Meier, in prep) may also result from altered temporal relationships between circadian 
rhythms. This hypothesis is examine in the present study by comparing hormonal and 
behavioral rhythms in rats treated by timed thermopulses that do and that do not alter 
metabolic conditions.
Materials and Methods
Male Holtzman rats (2-3 months old) were maintained on 12-hour daily 
photoperiods (LD 12:12) for at least 2 weeks prior to experimentation. The animals were 
held at 22 + 1°C and had free access to food (Purina Rodent Chow) and water. Daily 
temperature increases (thermopulses) were administered for 14 days by raising the
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ambient temperature in the temperature chambers from 22 to 40 + 1°C for 2 hours. The 
18°C elevation was achieved within 20 minutes of thermopulse onset. Ambient 
temperature returned to normal room temperature within 15 minutes of thermopulse 
offset. Control animals were maintained constantly at 22 _+ 1°C. Thermopulses were 
administered at either 0 or 16 hours after light onset in order to allow for a comparison 
between thermopulse treatments that alter (TP-16) and do not alter (TP-0) the 
physiological and metabolic parameters studied (de Souza and Meier, in preparation).
Body weights were measured before and after treatment to calculate percent changes.
Food consumption was measured during the last 2 days of experimental treatment and 
expressed as a percent of the body weight. At the end of the 14-day treatment period 
animals were anesthetized with sodium pentobarbital (65mg/kg body weight) for collection 
of blood samples. Blood was collected from the orbital sinus into chilled heparinized glass 
tubes and maintained on ice until it was centrifuged and the plasma harvested for storage 
at -20°C. The animals were then sacrificed with an overdose of the anesthetic, and the 
weight of the retroperitoneal fat stores were determined and expressed as a percent of the 
body weight.
Plasma insulin, prolactin, corticosterone and glucagon were assayed by 
radioimmunoassays utilizing second antibodies in the precipitation step. Materials and 
methodology for the prolactin assay were kindly supplied by the National Hormone and 
Pituitary Program, NIDDK, NIH and the University of Maryland School of Medicine. 
NIDDK-rPRL-RP-3 was used as the standard. Commercially available kits and reagents 
were used to assay for corticosterone (ICN Biomed. Inc., Carson, CA) and glucagon (Linco, 
St. Louis, MO). Plasma glucose concentrations were determined enzymatically using 
commercially available kits (Sigma, St. Louis MO).
Data are represented as means + standard errors of the means (SEM). The mean 
baseline value represents the mean of all samples taken during a 24-hour sampling period. 
Variations among treatment groups were examined by Analysis of Variance (ANOVA) and
the Waller-Duncan k ratio t-test was used as a post ANOVA test. Student’s t-test was 
used to examine differences between experimental groups. The a priori alpha value was 
set at p<0.05.
Experiment 1: Thirty-two animals were thermopulsed 16 hours after light onset (TP-16) 
and 36 animals acted as controls (nonthermopulsed). Blood sampling commenced on the 
fifteenth day, 16 hours after light onset, (i.e., 24 hours after the last thermopulse). The 
first subgroups (5-6 animals in each group) of treated and control animals were bled 16 
hours after light onset. The other 5 paired subgroups were bled every 4 hours thereafter 
(20, 0, 4, 6 and 10 hours after light onset). Animals were then sacrificed to remove and 
weigh retroperitoneal fat.
Experiment 2: This experiment was similar to Experiment 1 except that the daily 
thermopulse was administered at light onset (TP-0). Blood sampling was taken every 4 
hours from 6 paired experimental and control subgroups (5 animals per subgroup) 
commencing on the fifteenth day, 0 hours after light onset (i.e., 24 hours after the last 
thermopulse).
Experiment 3: This experiment was a repetition of Experiment 1. Animals were 
thermopulsed 16 hours after light onset and blood collections commenced 24 hours after the 
last thermopulse, (i.e., 16 hours after light onset). The experimental and control groups 
each contained a total of 30 animals.
Experiment 4: Temperature sensitive transmitters (Model V, Mini-Mitter, Sunriver, 
Oregon) were calibrated and implanted into the abdominal cavity of 8 rats. After an 8-day 
post operative period animals were placed in swing bottom cages. Prior to thermopulse 
treatment body temperatures were monitored every 4 hours for a period of 3 days. The
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rats were then thermopulsed at either 0 (4 animals) or 16 (4 animals) hours after light 
onset for 14 days. Body temperature was monitored every 4 hours during the 2-day period 
before and immediately after the treatment ended. Locomotor activity was also monitored 
using swing bottom cages. Activity data was collected and digitized through a serial port 
as a TTL zero or one response using an Atari computer, beginning 10 days before the first 
thermopulse and ending 10 days after the last thermopulse.
Results
Experiment 1; Daily thermopulses given 16 hours after light onset (TP-16) produced 
pronounced metabolic and hormonal effects. TP-16 treatment reduced body weight gains, 
retroperitoneal fat weights and food consumption, compared with controls (Student’s t-test). 
Additionally, mean baseline levels of plasma insulin and corticosterone were 29 and 37% 
lower, respectively, in the TP-16 group than in controls (Student’s t-test). Plasma glucose 
levels were unchanged. Mean baseline concentrations of plasma prolactin and glucagon 
were also unaltered (Table 1).
Plasma insulin, corticosterone and prolactin concentrations of the controls varied 
during a 24-hour period (ANOVA). Peak levels of plasma insulin, corticosterone and 
prolactin occurred 20-0 (24) hours, 8 hours, and 4-8 hours after light onset, respectively 
(Waller-Duncan). However, plasma insulin and corticosterone levels did not vary during 
the 24-hour period in the TP-16 treated animals. The greatest reductions of plasma insulin 
and corticosterone in the thermopulsed rats occurred at the times when control levels 
peaked. Plasma prolactin concentrations were comparable in control and treated animals 
at all time periods except at light onset when they were greater in the treated animals 
(Figure-1).
Experiment 2: Daily thermopulses at light onset (TP-0) did not alter metabolic and 
hormonal indices. No changes were observed in body weight gains, retroperitoneal fat
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weights and food consumption; and the mean baseline concentrations of glucose, insulin, 
corticosterone, prolactin and glucagon were also unaltered, compared with controls (Table 
1).
Plasma insulin, corticosterone, prolactin and glucagon levels varied during a 24- 
hour period (ANOVA). These 24-hour variations were coincident in controls and TP-0 
treated animals. Peak levels of plasma insulin, corticosterone and prolactin occurred 20 
hours, 12 hours and 8-12 hours after light onset, respectively, in both groups (Waller- 
Duncan) (Figure-2). Plasma glucagon levels peaked 8-12 hours after light onset (Waller- 
Duncan).
Experiment 3: TP-16 treatment produced results similar to those produced by TP-16 
treatment in Experiment 1. The treatment reduced body weight gains, retroperitoneal fat 
weights and food consumption, compared with controls (Student’s t-test). TP-16 treatment 
also decreased mean baseline concentrations of plasma insulin and corticosterone levels by 
31 and 23%, respectively (Student’s t-test), compared with controls. Mean baseline 
concentrations of plasma glucose, prolactin and glucagon were unaltered (Table 1).
Plasma insulin, corticosterone and prolactin levels varied during a 24-hour period 
(ANOVA) in controls with peak levels occurring at 0, 8-12 and 4-12 hours after light onset, 
respectively (Waller). However, plasma insulin and corticosterone concentrations did not 
vaiy during the 24-hour period in the TP-16 treated animals. The greatest reductions of 
plasma insulin and corticosterone occurred at times corresponding to the peak levels in 
controls. Plasma prolactin levels were comparable in control and treated animals at all 
times tested (Figure-3).
Experiment 4: Neither of the 2 treatments, TP-0 or TP-16, altered the baseline or 
circadian rhythms of body temperatures. Body temperatures peaked 12-16 hours after 
light onset (early during the scotophase) when measured before, during and after the
treatment period. Circadian rhythms of locomotor activity were also unaltered by either 
TP-0 or TP-16 treatments. Activity was maximal during the scotophase with sporadic 
bouts of activity during the photophase.
Table 1. Effects of daily thermopulses at one of 2 times of day on several hormonal and metabolic parameters in male Holtzman 
rats.
PARAMETER TREATMENT1
TP-16 (Exot 1) TP-0 (ExDt 2) TP-16 (Exot 3)
BODY WEIGHT GAIN CONT 29.9+0.8 ( 3 6 ) ^ 39.8+1.1 (30) 37.2+0.7 (32)a
(% increase) EXPT 22.8+0.6 (32)b 37.5+1.1 (29) 27.8+0.7 (32?
FOOD CONSUMPTION CONT 6.67+0.14 (12)a 6.74+0.08 (18) 7.16+0.33 (12)a
(gms/day %bw) EXPT 5.79+0.10 (12)b 6.62+0.12 (18) 5.98+0.26 (12?
RETROPERITONEAL CONT 2.99+0.03 (36)a 1.91+0.07 (32) 1.98+0.05 '3 2 /
FAT (gms%bw) EXPT 1.67+0.04 (32? 1.82+0.04 (32) 1.46+0.03 (32?
INSULIN CONT 2.45+0.16 (33)a 1.97+0.17 (30) 2.17+0.18 m f
(ng/ml) EXPT 1.75+0.13 (31)" 2.05+0.14 (30) 1.51+0.07 (30?
GLUCOSE CONT 158.5+1.9 (33) 161.4+2.3 030. 168.7+2.2 (28;
f (mg/dl) ; EXPT 159.3+2.1 (31) 157.3+1.9 (30) 164.3+1.0 r30)
j GLUCAGON 1 CONT 165.2+3.5 (33) 142.1+5.1 (30) -----
j (pgdnl) \ EXPT 165.4+4.9 (31) 140.0+4.0 (30; -----
CORTICOSTERONE j CONT 148.1+19.4 (31? 147.7+14.2 (30i 150.3+3.9 '3 1 /
| (ng/ml) | EXPT 93.7+11.8 (31? i 118.5+15.0 (30) 116.3+10.1 (32?
{ PROLACTIN j CONT | 53.4+7.9 (33) 67.4+8.2 (30) 65.5+5.3 (30)
| (ng-'ml) 1 EXPT 1 0.9+8.8 *.2 i . i 68.7+6.4 (30) 66.3+5.0 (30;
1 Treatment consisted of 14 days of daily 2-hour thermopulses administered 0 (TP-0) or 16 (TP-16.) hours after light onset
2 Mean + S.EAL
3 Means with dissimilar lettered superscripts differ by Student’s t-test (p < 0.05).
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Figure 1: Circadian rhythms of plasma insulin, corticosterone and prolactin in TP-16
treated animals (Expt 1) (K'" X) and their controls (X X). Results are plotted as means
+ SEM. Means within a treatment group with dissimilar lettered superscripts differ by 
ANOVA and Waller-Duncan tests. ** denotes means significantly different from controls at 
















Figure 2: Circadian rhythms of plasma insulin, corticosterone and prolactin in TP-0
treated animals (Expt 2) (X X) and their controls (X X). Results are plotted as
means + SEM. Means within a treatment group with dissimilar lettered superscripts differ 
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Figure 3: Circadian rhythms of plasma insulin, corticosterone and prolactin in TP-16
treated animals (Expt 3) (X- - - -X) and their controls (X X). Results are plotted as
means + SEM. Means within a treatment group with dissimilar lettered superscripts differ 
by ANOVA and Waller-Duncan tests. ** denotes means significantly different from 
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Discussion
As noted previously (de Souza and Meier, in preparation) thermopulses given 16 
hours after light onset had marked physiological effects. The TP-16 treatment consistently 
reduced body weight gains by 25% and decreased retroperitoneal fat stores by 15-25%. 
Furthermore, baseline levels of plasma insulin and corticosterone were also decreased 
dramatically (30% and 23-37% respectively) (Table 1). A decreased plasma insulin level 
without a concomitant increase in plasma glucose level (Table 1) is probably the result of 
decreased tissue resistance to insulin demonstrated in rats by this methodology (de Souza 
and Meier, in preparation).
Insulin is an important mammalian lipogenic hormone and hyperinsulinemia is 
often associated with obesity as in type II (noninsulin dependent) diabetes. A reduction in 
circulating insulin often leads to a reduction of obesity (Jeanrenaud, 1978; Berstein et al., 
1981; DeFronzo, 1982). Although, insulin is an important lipogenic hormone, it’s ability to 
stimulate hepatic lipogenesis in the hamster varies markedly during a day (Cincotta and 
Meier, 1984, 1985; Martin et al., 1990). Lipogenesis and fat deposition are maximal if the 
phases of the circadian rhythms of plasma insulin and of lipogenic responsiveness to the 
hormone coincide. Other relationships between the phases of these 2 rhythms are 
associated with decreasing levels of lipogenesis and fat deposition (de Souza and Meier, 
1987). Numerous instances of this concept termed "Temporal Synergism" wherein 
physiological and metabolic changes result from altered relationships of circadian rhythms 
have been described (Meier, 1972, 1975; Meier et al., 1978). If maximal lipogenic 
responsiveness to insulin occurs near light onset in the rat, as it does in the Syrian 
hamster (Cincotta and Meier, 1984), high levels of insulin at this time would result in 
maximal fat production. In fact, high insulin levels do occur near light onset in controls 
(Figures 1 and 3) and the reduction of plasma insulin induced by TP-16 treatment that also 
reduces body fat is largely restricted to times near light onset (Figures 1 and 3).
Conversely, TP-0 treatment does not alter the circadian rhythm of plasma insulin and has
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no effect on body fat stores.
Corticosteroids as well as insulin have also been implicated with the obese state. 
Diabetic animals of several mammalian species, including humans, have elevated 
concentrations of plasma cortisol during a 24-hour period with exaggerated peak levels 
(Saito and Bray, 1983; Cameron et al., 1987; Qster et al., 1988). These diabetics are also 
generally obese, a correlate of type-II diabetes. Contrariwise, TP-16 treatment which 
reduced body fat stores also resulted in lower levels of plasma corticosterone with the 
greatest reduction occurring at normal peak times.
The reduction in body fat stores induced by TP-16 treatment could be attributed to 
a reduction in food consumption (Table 1). However, the regulation of body fat stores ought 
not be summarized in such a simplistic manner. Although food consumption is a 
contributory factor for the amount of body fat it is not necessarily the primary determinant 
under ad libitum conditions. Several lines of evidence point to a secondary role of food 
consumption in regulation of body fat stores. Timed daily injections of prolactin can 
increase body fat stores in both fed and fasted fish (Lee and Meier, 1967). Seasonal 
variations in body fat stores in the Syrian hamster (Bartness and Wade, 1984) are not 
accompanied by changes in total intake of food consumption (de Souza and Meier, 1987). 
Additionally, properly timed bromocriptine treatment of hamsters reduces body fat levels 
without reducing food consumption (Cincotta and Meier, 1987).
Meier and co-workers have proposed that several physiological conditions including 
body fat stores are regulated by temporal interactions of circadian rhythms. Injections of 
prolactin and cortisol can markedly increase or decrease body fat stores depending on their 
temporal relationships. This pioneering research has been extended to include 
representative species of all the vertebrate classes (Meier and Martin, 1971; Meier et al.,
1971; Meier and Burns, 1976; Meier et al., 1978; Cincotta et al., 1989). Recently, prolonged 
reversion of type-II diabetic like symptoms including obesity were achieved in several 
rodent species by appropriately timed daily injections of prolactin and cortisol (Cincotta et
87
al., 1989, Cincotta and Meier, submitted). Circadian variations of these two hormones are 
thought to be the expressions of two circadian neural oscillators. Injections of these 2 
hormones via feedback mechanisms reset the controlling oscillators and their multiple 
neural and hormonal circadian expressions. Similar alterations in physiological conditions 
can also be produced by properly timed daily injections of neurotransmitter precursors, 
namely DOPA (precursor for dopamine) and 5-HTP (precursor for serotonin) (Miller and 
Meier, 1983; Emata et al., 1985; Wilson and Meier, 1989).
Several environmental stimuli provided daily have also been demonstrated to 
produce variable physiological and metabolic changes depending on the time of day the 
stimuli are provided. These stimuli include brief periods of handling and mechanical 
agitation (Meier et al., 1973; Horseman et al., 1976; Weld and Meier, 1984), periodic 
availability of food (Spieler et al., 1977) and daily intervals of increased ambient 
temperature (Ferrell and Meier, 1981; Noeske and Meier, 1983; Weld and Meier, 1984). It 
may be argued that the daily thermopulses mediated their physiological and metabolic 
effects by altering the metabolism of these ectothermic species (fish and lizards). However, 
thermopulses produce similar effects in endothermic rodents (Waldrop and Meier, 1985; de 
Souza and Meier, in preparation). Daily thermopulses at 16 hours after light onset 
decreased retroperitoneal fat without altering 0 2 consumption (de Souza and Meier, in 
preparation) or basal body temperature (Experiment 4). Hence, it is our belief that the 
effects of thermopulses are mediated by neuroendocrine pathways, perhaps via serotonergic 
afferents from the raphe nucleus (Hellon, 1981).
It has been hypothesized that the daily photoperiod entrains a circadian rhythm of 
thermoresponsiveness. Coincidence of an appropriate thermal stimulus with a responsive 
phase results in metabolic and physiological changes (Ferrell and Meier, 1981; Noeske and 
Meier, 1983; Weld and Meier, 1983). The environmental stimuli (photoperiod and 
thermopulse in the present study) are thought to set the phase relationships of two or more 
circadian neural pacemakers and their multiple circadian expressions. This could include
phase changes between plasma hormone rhythms and between circadian rhythms of a 
hormone stimulus and the target tissue responsiveness to the stimulus. The results of the 
experiments herein support this postulate in that thermopulse treatment at the 
appropriate time of day (TP-16) alters some rhythms, viz, insulin and corticosterone, and 
not other rhythms, viz, prolactin (Figure 3), body temperature and locomotor activity. 
These circadian rhythms may be expressions of two or more circadian neural oscillators 
that control metabolic and physiological conditions as a function of their phase 
relationships which in turn is determined by daily photoperiods and thermopulses.
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Summary
The results herein demonstrate an important role for plasma circadian insulin 
rhythms in the control of lipid metabolism in both seasonal and nonseasonal animals i.e., 
Syrian hamsters and Holtzman rats, respectively.
1. Seasonal changes in body fat stores, especially prominent in the female hamster, 
are accompanied by changes in the mean basal concentration and the circadian rhythm of 
plasma insulin. Female scotosensitive hamsters held on short daily photoperiods have the 
greatest amount of body fat stores (Bartness and Wade, 1984) and a basal level of plasma 
insulin that is 4 times greater than that found in hamsters at other seasons (de Souza and 
Meier, 1987). Furthermore, the greatest concentration of plasma insulin in fat hamsters 
occurs at light onset, a time when hepatic lipogenic response to insulin is also maximal 
(Cincotta and Meier, 1984, 1985). Lower fat stores in both males and females at other 
seasons and photoperiodic regimes were correlated with lower basal insulin levels. In 
addition, daily insulin peaks occurred at times other than light onset. Contrary to popular 
expectation, the seasonal high levels of body fat stores in females were not accompanied by 
increased food consumption.
2. Circadian rhythms of plasma insulin concentration are probably not a result of 
endogenous rhythms of JB-cell secretion or responsiveness since B-cells do not respond in 
vitro to constant or pulsatile glucose stimulation in a cyclic manner. On the contrary, in 
the presence of a constant glucose stimulus insulin secretion wanes. Exposing B-cells to 
pulses of the hexose helped prevent this decrease but did not reveal a circadian 
rhythmicity.
3. Only thermopulses administered 16 hours after light onset (TP-16) consistently 
decreased body fat stores and reduced body weight gains and food consumption when 
compared with controls (nonthermopulsed). Plasma insulin concentrations were also 
decreased and this decrease may be attributed to an increase in glucose tolerance and 
insulin sensitivity as indicated by results from oral glucose and insulin tolerance tests.
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Thermopulses at other times of day were largely ineffective respecting the parameters 
monitored. Since both 0 2 consumption and body temperature were unchanged by 
thermopulses (TP-16) the changes were probably not a result of altered metabolic rates. It 
is likely that the effects are mediated by the neuroendocrine system. Inasmuch as 
circadian hormonal rhythms may be considered expressions of two or more circadian neural 
pacemaker oscillators, it seems probable that thermopulses mediate their effects by altering 
the phase of at least one of these oscillators. Alterations in the rhythms of insulin and 
corticosterone with no changes in the circadian rhythms of prolactin, body temperature and 
locomotor activity support this postulate (figure 1). Hence, these studies collectively infer a 
role for circadian temporal neuroendocrine interactions in mediating the changes of lipid 
and carbohydrate metabolism produced by properly timed daily thermopulses.
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Figure 1: Proposed neuroendocrine model by which thermopulses alter circadian 
rhythms: Metabolic conditions may be altered by an interaction of daily photocycles and 
thermopulses. Thermopulses alter the circadian rhythms of plasma insulin and 
corticosterone by way of a secondary pacemaker. Circadian rhythms of prolactin, body 
temperature and locomotor activity are controlled by another secondary pacemaker that is 
coupled with a primary pacemaker set by the daily photoperiod. A temporal synergism of 
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